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Anthracnose, incited by Colletotrichum cereale, is a destructive disease of 
physiologically stressed creeping bentgrass putting greens in Mississippi and Alabama.  
Anthracnose severity and frequency of occurrence have increased over the past 15 years, 
and fungicide resistance may have had a role in the increase.  In vitro bioassays were 
performed to evaluate thiophanate methyl and azoxystrobin against C. cereale isolates 
exposed to the fungicides and baseline isolates that had not been exposed to either 
fungicide.  All isolates collected from creeping bentgrass were uninhibited by both 
fungicides at discriminatory doses.  Partial nucleotide sequences of the β-tubulin 2 
(thiophanate methyl) or cytochrome b (azoxystrobin) gene was compared to confirm 
fungicide resistance.  Thiophanate methyl resistance was conferred by either a point 
mutation from glutamic acid to alanine at position 198, or phenylalanine to tyrosine at 
position 200.  Azoxystrobin resistance was conferred by an amino acid point mutation 
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 Bermudagrass (Cynadon dactylon [L.] Pers. var. dactylon), a warm-season grass 
naturally adapted to grow in the southeastern United States, was initially grown on 
putting greens as an alternative to sand-only greens in the 1900’s (Kopec, 2003).  A finer-
textured bermudagrass, African bermudagrass (C. transvaalensis Burtt-Davy), was 
crossed with C. dactylon to create sterile bermudagrass hybrids with beneficial growth 
characteristics.  Tifgreen (C. dactylon [L.] Pers. var. dactylon x C. transvaalensis Burtt-
Davy) was the original putting green quality bermudagrass released in 1956 (Foy, 1997; 
Kopec, 2003).  Turfgrass managers were able to establish putting greens with smooth ball 
roll and medium green speeds at 0.6 cm mowing heights.  Professional golf tournaments, 
mostly played on creeping bentgrass (Agrostis stolonifera L.), were televised creating 
inordinate expectations from golfers.  They desired the qualities of putting greens seen on 
television.  The irrational expectations forced turfgrass managers to lower mowing 
heights to 0.5 cm to increase green speeds, leading to increased physiological stress and 
disease pressure. 
Based on these adverse qualities, improved bermudagrasses were desired.  A 
naturally cloned hybrid, Tifdwarf bermudagrass, with finer leaf texture and sustained 
health at 0.4 to 0.5 cm mowing heights was released in 1965 (Foy, 1997).  Tifdwarf had 
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faster growth rates and stiffer leaves that resulted in a reduction of surface smoothness 
and green speeds.  Intensive management strategies were necessary to control thatch and 
the negative qualities on putting greens.  Higher quality putting greens were still desired 
by golfers, resulting in the introduction of creeping bentgrass putting greens (CBG). 
Creeping bentgrass is a cool-season grass highly suitable for putting greens and is 
naturally adapted to grow in the northern and transitional zones of the United States.  The 
optimal growing temperature for creeping bentgrass is 15 to 24°C for shoot growth and 
10 to 18°C for root growth (Huang and Gao, 2000).  At temperatures above these ranges, 
creeping bentgrass can become chlorotic or experience growth inhibition.  Turfgrass 
managers in Mississippi (MS) and Alabama (AL) desired a turf type that would perform 
better than tifgreen or tifdwarf bermudagrasses.  Some of the elite, high budget golf 
courses in MS and AL began to experiment with CBG.  The popularity of CBG increased 
as green construction, irrigation, and improved cultivation practices were being 
introduced.  ‘Penncross’ was the most widely grown creeping bentgrass cultivar (Beard, 
2001).  In the 1980’s, new cultivars of bentgrasses were released with higher shoot 
densities but were not tolerant to low mowing heights (Beard, 2001). 
CBG were preferred because they exhibited smoother ball roll and faster green 
speeds.  The primary drawbacks to CBG were their lack of heat tolerance and high 
disease susceptibility compared to bermudagrasses.  These challenges led turfgrass 
breeders to continue to search for new CBG cultivars that were more heat tolerant and 
disease resistant.  Researchers from Penn State University discovered a naturally selected 
bentgrass growing in Augusta, GA that would lead to the development of ‘Penn A’ and 
‘Penn G’ cultivars (Morris and Shearman, 1998; Samples and Sorochan, 2007).  These 
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cultivar series of creeping bentgrass have improved shoot densities and were able to 
withstand low mowing heights desired for putting greens.  These grasses developed 
extensive root systems at the lower mowing heights, which would be important for 
reducing the heat stress experienced in MS and AL.  Currently, these cultivars are the 
most common bentgrasses chosen for golf course putting green construction or 
renovation in MS and AL. 
 
Physiology of heat-stressed creeping bentgrass 
 Creeping bentgrass undergoes significant heat stress during summer months in 
MS and AL.  During heat-stressed periods, the plant struggles to make enough 
photosynthates for normal growth.  Creeping bentgrass is a C3 plant that undergoes 
photosynthesis in the chlorplasts mesophyll cells producing a three carbon molecule, 3-
phosphoglyceric acid (PGA), in the Calvin cycle.  The process begins with ribulose-1,5-
biphosphate (RuBP), a five carbon chain.  Carbon dioxide (CO2) from the atmosphere in 
the form of a carboxyl (COOH) group is covalently bound to the five carbon chain 
catalyzed by the RuBP carboxylase/oxygenase (rubisco) enzyme.  The six carbon chain is 
highly unstable, so it is degraded quickly producing two PGA molecules.  The two PGA 
molecules are reduced to form two 3-phosphoglyceraldehyde (PGAL) molecules.  By 
using adenosine triphosphate (ATP) produced in photochemical reactions, a portion of 
the PGAL is recycled to form RuBP.  The remainder of the PGAL is used to make some 
of the complex sugars used by the plant such as glucose, sucrose, and starch (Moore et 
al., 1998; Turgeon, 2004). 
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 The photosynthesis process of C3 plants is not as efficient as C4 plants such as 
bermudagrass and other warm-season grasses.  The C4 plants store CO2 in bundle-sheath 
cells, a layer of cells surrounding the vascular bundle, to store the CO2 until the stomata 
close.  The stomata are natural openings in the leaf that allow gas exchange between the 
plant and the atmosphere, and the guard cells control the opening and closing of the 
stomata.  Plants employing the C4 pathway are more efficient and do not have 
photorespiration because when the stomata close during hot dry weather, they use the 
CO2 stored in the bundle sheath cells to continue making food.  The C3 plants have no 
way of storing CO2, so during the heat of the day in the summer, the stomata close; there 
is no CO2 to continue the photosynthesis cycle.  The reduction of photosynthate 
production leaves the C3 grasses stressed causing plants to undergo photorespiration, 
which can be damaging to the plants.  Photorespiration only occurs in C3 plants because 
oxygen (O2) competes with CO2 to bind to RuBP and results in the plant consuming O2 
and liberating CO2.  The C4 plants also require much less water than the C3 plants (Moore 
et al., 1998; Turgeon, 2004). 
 A significant decrease has been observed in turf quality when creeping bentgrass 
cultivars are exposed to heat stress (Xu and Huang, 2001; Huang and Gao, 2000).  Xu 
and Huang (2001) conducted research on the photosynthetic rate and rubisco activity of 
Penncross and ‘L-93’ creeping bentgrass.  They observed a significant decrease in 
canopy photosynthetic rates between both creeping bentgrasses at 35/30°C compared to 
the controls at 20/15°C.  Penncross had a significantly lower photosynthetic rate at 
35/30°C than L-93.  There was a significant decrease in rubisco activity when the 
creeping bentgrass was exposed to the heat stress temperatures as well.  The reduced 
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rubisco activity means the plant would not be able to produce as much photosynthates 
during heat stress.  Xu and Huang (2001) suggest the lower activity of rubisco is most 
likely due to the limited amount of CO2 in the chloroplast.  This is likely due to the fact 
that during the heat stress period, the stomata remain closed and are not able to take in the 
CO2 from the air. 
 Huang and Gao (2000) conducted research on growth and carbohydrate 
metabolism within heat stressed creeping bentgrass.  They included Penncross, ISI-AP-
89150, and ‘SR 1020’ creeping bentgrass cultivars.  They found turf quality decreased 
dramatically when plants were exposed to high temperatures due to a significant decrease 
in chlorophyll within the leaves.  There were also significant reductions in photosynthetic 
rates and total nonstructural carbohydrates when plants were exposed to temperatures of 
30°C, 34°C, and 38°C (Huang and Gao, 2000).  Further, the respiration rate was greater 
at 34°C and 38°C than the photosynthetic rate in all three cultivars.  Respiration is the 
process by which the plant degrades bonds of complex sugars to form CO2 and energy.  If 
the respiration rate of the plant is exceeding the photosynthetic rate, then the plant would 
not be able to make enough food to survive. 
 Creeping bentgrass exhibiting physiological stresses from heat is predisposed to 
many detrimental turfgrass diseases.  Some diseases of importance that occur are dollar 
spot (Sclerotinia homoeocarpa F. T. Bennett), brown patch (Rhizoctonia solani Kühn), 
Pythium blight (Pythium aphanidermatum (Edson) Fitzp.) and root dysfunction (Pythium 
spp.) (Couch, 2000).  High temperatures and high humidity levels occur from April to 





 Anthracnose had been a disease of little economic importance prior to the late 
1900’s when an epidemic spread through corn (Zea mays L.) crops and Pooideae grasses 
grown as putting greens on golf courses (Crouch et al., 2006).  The Pooideae grasses 
suffering from the epidemic were creeping bentgrass and annual bluegrass (Poa annua 
L.).  The causal organism of anthracnose on these hosts was thought to be Colletotrichum 
graminicola (Ces.) G. W. Wils.  Studies were performed to determine if differences were 
evident between creeping bentgrass and annual bluegrass with respect to C. graminicola 
isolate pathogenicity, morphology, or genetics (Backman et al., 1999; Browning et al., 
1999; Horvath and Vargas, 2004).  There were no elucidative conclusions reached 
through any of these studies.  However, Crouch et al. (2006) proposed the causal 
organism of anthracnose on pooid grasses was more closely related to C. cereale Manns 
based on results from phylogenetic analysis.  These results were the first to delineate the 
Colletotrichum spp. infecting corn and Pooideae grasses grown as putting greens.  
 The hemibiotrophic fungus, C. cereale, infects turfgrass plants that are 
physiologically stressed or dying.  Creeping bentgrass putting greens are easily stressed 
by extreme temperatures, low mowing heights, lack of fertilization, plant growth 
regulators, and cultural practices (Inguagiato et al., 2008; Clarke and Murphy, 2004).  
During these stressed periods, if the humidity level is high surrounding the leaf blades or 
there is an extended period of leaf wetness, C. cereale may infect the plant.  C. cereale 
can infect the foliar tissue, crown, roots, or stolons of bentgrasses.  If the pathogen only 
infects the leaves, the disease is referred to as anthracnose foliar blight and symptoms 
include irregularly shaped patches of yellow to bronze turf (Smiley et al., 2005).  
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Anthracnose foliar blight is primarily a result of heat stressed creeping bentgrass plants 
during the summer.  Anthracnose basal rot occurs in the spring and winter when C. 
cereale infects the roots and crowns of the plants resulting in small patches in the turf that 
appear orange to yellow (Smiley et al., 2005).   
C. cereale was placed in the phylum, Deuteromycota, because it produces asexual 
spores (conidia) in an asexual fruiting body known as an acervulus(i).  The perfect stage 
of the fungus has not been observed in nature or laboratory studies; therefore, C. cereale 
is classified as a mitosporic fungus.  When environmental conditions become favorable 
for C. cereale growth and a susceptible host is present, the pathogen initiates infection 
with mycelial production from germinating conidia.  The mycelium grows along the 
surface of the plant, and an appressorium(ia) is formed at the terminal hyphal cell.  
Appressoria are irregular in shape and develop an infection peg that penetrates the 
epidermal cells of plant tissue.  Studies have demonstrated most Colletotrichum spp. 
enter the plant via direct penetration, rather than entering through a natural opening, such 
as stomata (Khan and Hsiang, 2003).  C. cereale colonizes and parasitizes the plant by 
consuming nutrients from within the tissue, and acervuli are formed protruding through 
the epidermal cells of the plant.  Sterile hairs called setae are often associated with 
acervuli.  Once acervuli are formed, symptoms become visible in the turf.  Conidia are 
formed in the acervuli completing the disease cycle.  It is not well understood how C. 
cereale overwinters during adverse environmental conditions, but research has indicated 
C. graminicola survives in plant residue as a saprophyte for up to 18 months (Vizvary 
and Warren, 1981) or as dormant masses of mycelium called sclerotia (Casela and 
Frederiksen, 1993).  Since golf course putting greens are not aggressively cultivated as 
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field crops, the fungi have ample nutrition in the soil and organic layer beneath the turf 
surface to survive unfavorable environmental conditions.  Once environmental conditions 
become favorable and susceptible host plants are present, the disease cycle commences 
(Khan and Hsiang, 2003). 
 The best way to reduce anthracnose severity is to reduce turf stress.  This can be 
accomplished by raising mowing heights, increasing fertilizer applications, applying 
adequate water, and performing cultural practices (Clarke and Murphy, 2004).  To offset 
increased mowing heights, putting greens may be rolled to retain green speeds at higher 
mowing heights.  Applying small rates of nitrogen (45 to 57 g/93 m2) to CBG is a 
common practice, but the weekly to biweekly applications of nitrogen may not be enough 
for the plants to sustain an active growth rate.  Slow-release nitrogen (454 g/93 m2) can 
be applied in the spring to allow nitrogen to become available to the plants throughout the 
summer months (Clarke and Murphy, 2004).  Irrigation should continue to be a deep and 
infrequent process, but problematic areas on sand-based putting greens can be 
handwatered with more liberal amounts of water early in the morning.  Creeping 
bentgrass exhibits wilting symptoms during the heat of the day in the summer and needs 
to be syringed with minimal amounts of water to alleviate the physiological stress from 
wilting.  Cultural practices such as aerification, vertical mowing, and topdressing are 
critical for allowing oxygen into the root zone and reducing thatch of creeping bentgrass 
greens, but these practices can cause additional stress in the summer; therefore, they 
should be performed in the spring or fall when environmental conditions are favorable for 
the cool-season grass to grow (Clarke and Murphy, 2004).  Spiking greens is a less 
destructive practice that allows oxygen into the root zone during periods of stress. 
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Reducing the stress of the turf can alleviate the predisposition to disease in the 
summer, but it will not stop the growth of the fungus; therefore, fungicide applications 
are necessary to manage anthracnose.  Contact, acropetal penetrant (xylem mobile), and 
systemic (xylem and phloem mobile) topical mode-of-action (MOA) fungicides are 
applied to prevent and control C. cereale.  Most acropetal penetrant fungicides are 
capable of controlling C. cereale infestations, but many turfgrass managers throughout 
the United States have seen no evidence of control with fungicide applications once 
anthracnose symptoms are present (Detweiler et al., 1989; Wong et al., 2007; Wong et 
al., 2008). 
 
Fungicide resistance in turfgrass 
 In the early 1900’s, most plant protectants consisted of inorganic and organic 
compounds.  The inorganic compounds were not selective against pathogens, but sulfur 
based products and the Bordeaux mixture were extremely effective against downy and 
powdery mildews.  Improvement of products continued to develop more selective 
toxicity to bacteria, insects, or fungi.  Dichloro-Diphenyl-Trichloroethane (DDT) was the 
initial biochemically-selective synthetic insecticide introduced in 1939, whereas, the 
agricultural fungicides targeted multiple locations in fungi.  The first site-specific plant 
protectants were antibiotic substances.  Due to the specificity of these substances, 
resistance issues developed shortly after their introduction (Eckert, 1998). 
 The first synthetic single-site MOA fungicides were developed in the 1960’s, and 
since then, numerous site-specific MOA fungicides have been developed to date.  These 
highly specific fungicides raised concerns that resistance would be an issue similar to the 
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antibiotics.  The benzimidazole fungicides were the first chemistries that induced fungal 
resistance.  This class of fungicides was extremely effective for controlling S. 
homoeocarpa, the causal organism of dollar spot; therefore, it was routinely applied for 
dollar spot control.  The continued use of this fungicide chemistry increased selection 
pressure for resistant isolates within the fungal population.  To date, many S. 
homoeocarpa populations from golf courses throughout the United States have been 
identified as benzimidazole-resistant (Jo et al., 2006; Jo et al., 2008; Burpee, 1997; 
Detweiler et al., 1983; Warren et al., 1974; Bishop et al., 2008). 
 All fungicides with a single-site MOA have the potential to induce fungal 
resistance.  These particular fungicides have the highest potential to exhibit a qualitative 
loss of disease control, resulting in practical resistance.  Initial applications of single-site 
MOA fungicides yield exceptional control, but low levels of resistant isolates continue to 
survive because the binding affinity of the fungicide is reduced in these isolates allowing 
this population to increase.  The fungi with reduced binding affinity for the fungicides are 
immune to the fungicide and exhibit qualitative resistance (Brent and Holloman, 2007).  
To date, multiple turfgrass pathogens isolated from various hosts throughout the United 
States have been identified as resistant to many single-site MOA fungicides.  However, 
resistance to multi-site MOA fungicides has not been identified because they target 
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PUTATIVE POINT MUTATIONS IN β-TUBULIN 2 GENE CONFER 
 
THIOPHANATE METHYL RESISTANCE IN COLLETOTRICHUM 
 
CEREALE ISOLATES FROM CREEPING BENTGRASS 
 




Anthracnose, incited by Colletotrichum cereale, has become a ubiquitous disease 
of creeping bentgrass putting greens during the summer in Mississippi and Alabama over 
the last 15 years.  Thiophanate methyl is a single-site mode-of-action fungicide applied to 
control C. cereale.  For this study, in vitro bioassays were performed to evaluate the 
sensitivity of 108 isolates to thiophanate methyl concentrations ranging from 0.039 to 
10.0 ppm.  Eighty-six isolates were collected from creeping bentgrass in Mississippi and 
Alabama that had been exposed to thiophanate methyl, and 22 isolates were collected 
from non-exposed turfgrasses.  Relative growth of exposed isolates ranged from 77.5% to 
130.7% with a mean of 99.3% compared to non-exposed isolates that ranged from 0.0% 
to 48.7% with a mean of 20.4% at 10.0 ppm thiophanate methyl.  A representative 
sample of thiophanate methyl-exposed and non-exposed isolates was used to determine 
the mechanism of resistance by comparing amino acid sequences of the ß-tubulin 2 gene.  
Fourteen of the exposed isolates had a point mutation from glutamic acid to alanine at 
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position 198, and 10 of the exposed isolates had a point mutation from phenylalanine to 
tyrosine at position 200 of the ß-tubulin 2 gene.  The putative point mutations in C. 





Anthracnose is a destructive disease of creeping bentgrass (Agrostis stolonifera 
L.) and annual bluegrass (Poa annua L.) incited by Colletotrichum cereale Manns 
(Crouch et al., 2006).  Anthracnose is well documented on annual bluegrass putting 
greens or fairways throughout the United States (Avila-Adame et al., 2003; Detweiler et 
al., 1989; Inguagiato et al., 2008; Wong et al., 2007; Wong et al., 2008), but there is 
limited information available describing anthracnose on creeping bentgrass in the 
southern United States.  C. cereale infects annual bluegrass throughout the year causing 
either a foliar blight or a basal rot.  In contrast, the pathogen infects creeping bentgrass in 
the summer during heat stress causing a foliar blight (Smiley et al., 2005).  The 
symptoms of anthracnose on creeping bentgrass putting green (CBG) turf in Mississippi 
(MS) and Alabama (AL) include large, irregularly shaped thin areas appearing chlorotic 
to bronze. 
 Golf course superintendents in MS and AL that manage CBG initiate a 
preventative fungicide program for anthracnose control in April.  Fungicides are applied 
on a weekly basis through September or October depending on the environmental 
conditions.  Single-site mode-of-action (MOA) fungicides are applied alone or tank 
mixed with multi-site MOA fungicides such as chlorothalonil and mancozeb.  
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Benzimidazoles, strobilurins, dicarboximides, and demethylation inhibitors are groups of 
single-site MOA fungicides that are routinely applied for control of anthracnose.  The 
repetitive applications of single-site MOA fungicides have created a selection pressure 
for fungicide resistant isolates of many different turf pathogens (Avila-Adame et al., 
2003; Bishop et al., 2008; Burpee, 1997; Detweiler et al., 1989; Golembiewski et al., 
1995; Jo et al., 2006; Vincelli and Dixon, 2002; Wong et al., 2007; Wong et al., 2008). 
 Benzimidazole fungicides including thiophanate methyl (TM) and benomyl have 
been applied to manage turfgrass diseases for many years; however, benomyl was taken 
off the market in 2001 (Wong et al., 2008).  The benzimidazole fungicides inhibit 
microtubule production by binding to the heterodimeric subunits of the tubulin molecule 
(Peres et al., 2004).  Benzimidazoles have a high propensity to induce fungicide 
resistance due to their specific MOA.  Benzimidazole-resistant isolates of many fungi 
have been identified from a variety of crops, and amino acid (aa) point mutations within 
the ß-tubulin 2 subunit conferred fungicide resistance (Buhr and Dickman, 1994; Chung 
et al., 2006; Davidson et al., 2006; Gafur et al., 1998; Jung et al., 1992; Koenraadt et al., 
1992; Ma et al., 2003; Maymon et al., 2006; Peres et al., 2004; Schmidt et al., 2006; 
Yarden and Katan, 1993).  According to the Fungicide Resistance Action Committee 
(FRAC) publication (2007), there are four separate aa point mutations in the β-tubulin 2 
gene that confer benzimidazole resistance among fungal isolates.  At aa position 198, 
glutamic acid (Glu) is exchanged for alanine (Ala), glycine (Gly), or lysine (Lys). At aa 
position 200, phenylalanine (Phe) is exchanged for tyrosine (Tyr).  Fungal isolates 
expressing one of these mutations will fail to respond to benzimidazole fungicides due to 
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the decreased binding affinity of the fungicide to the specific site within the gene leading 
to increased disease pressure. 
 Benzimidazole resistance has been identified in Microdochium nivale (Fr.) 
Samuels & I. C. Hallett (pink snow mold) (Huth and Schlosser, 1980), Sclerotinia 
homoeocarpa F. T. Bennett (dollar spot), and C. cereale.  S. homoeocarpa isolates have 
exhibited fungicide resistance to the benzimidazole fungicides throughout the United 
States (Bishop et al., 2008; Burpee, 1997; Detweiler et al., 1983; Jo et al., 2006; Warren 
et al., 1974).  The majority of published data were generated using in vitro and in vivo 
tests only to conclude benzimidazole resistance in S. homoeocarpa.  Detweiler et al. 
(1989) reported that C. cereale (formerly C. graminicola (Ces.) G.W. Wils) isolates 
collected from annual bluegrass in Michigan were resistant to benzimidazoles using in 
vitro and in vivo assays.  C. cereale isolates collected from annual bluegrass in California 
were determined to be resistant to benzimidazoles using in vitro bioassays, in vivo 
studies, and molecular techniques to identify aa point mutations (Wong et al., 2008).  All 
C. cereale isolates identified as TM-resistant had a lysine (Lys) substituted for glutamic 
acid (Glu) at aa position 198 of the β-tubulin 2 subunit. 
 Benzimidazole fungicides have been applied to highly managed golf turf in the 
southeastern United States for over thirty years.  Anthracnose severity on CBG has 
increased over the last 15 years (Crouch et al., 2006).  Lower mowing heights, decreased 
nitrogen fertility, and reduced watering practices may have led to the increase in 
anthracnose incidence and severity on CBG (Clarke and Murphy, 2004), but reduced 
fungicide efficacy may also play a role in this epidemic.  As a result, this study was 
initiated to determine if C. cereale isolates causing anthracnose on CBG in MS and AL 
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were resistant to benzimidazole fungicides.  The objectives included:  (i) evaluating C. 
cereale isolates for resistance to TM (benzimidazole) using in vitro bioassays, and (ii) 
obtaining aa sequences of the β-tubulin 2 gene to investigate the mechanism of fungicide 
resistance. 
 
Materials and methods 
 
 Sixty-four CBG samples (1.27 cm wide x 4.5 cm long) were collected from 
putting greens exhibiting symptoms of anthracnose from June to August of 2006 in MS 
and AL.  Individual plants (shoots and roots) exhibiting signs of C. cereale (acervuli and 
setae) were used to isolate the fungus.  Plants were surface-disinfested by rinsing in 70% 
ethanol for 1 minute followed by an agitated rinse in 0.6% sodium hypochlorite solution 
for 90 seconds, rinsed with sterile distilled water three consecutive times, and then dried 
on filter paper in a laminar flow hood (Backman et al., 1999; Khan and Hsiang, 2003).  
One hundred plants were transferred (five per plate) onto ¼-strength potato dextrose agar 
(¼-PDA) (6 g PDA and 15 g agar/L amended with 100 mg streptomycin sulfate dissolved 
in 5.0 ml sterile dH2O and 100 mg chloramphenicol dissolved in 2.5 ml ethanol).  The ¼-
PDA plates with the plants were incubated at 25°C in the light for 4 to 7 days.  Fungal 
colonies associated with acervuli, setae, and conidial masses characteristic of C. cereale 
were transferred to fresh ¼-PDA and incubated at 25°C in the light for 21 days.  
Monoconidial isolates were subsequently obtained through serial dilutions.  Individual 
germinating conidia were transferred to ¼-PDA and incubated as previously described.  
C. cereale isolates were grown on sterilized glass fiber filter paper (GFFP) that was 
overlaid on PDA (39 g/L) and incubated at 25°C in the dark to minimize sporulation and 
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increase mycelial production.  Once GFFP was fully colonized, the filter paper was 
removed, dried under a laminar flow hood for 24 hours, and stored at -20°C for long-term 
storage.  C. cereale isolates were obtained from golf courses in MS and AL (Table 2.1).  
Baseline sensitive C. cereale isolates used in this study were obtained in 2002 from an 
annual bluegrass fairway in California that had not been exposed to benzimidazole 
fungicides (Wong et al., 2007; Wong et al., 2008). 
 
Table 2.1.  Colletotrichum cereale isolates collected from creeping bentgrass putting 
greens from locations within MS and AL in 2006 and 2007. 
 
Year  Location Putting Green Number of Isolates 
2006 West Point, MS OW 15 30 
2006 Birmingham, AL OO 4   7 
2006 Birmingham, AL OO 7   9 
2006 Sylacauga, AL FL   2 
2007 West Point, MS OW 15   6 
2007 West Point, MS OW 16   7 
2007 Birmingham, AL OO 7   1 
2007 Inverness, AL GS 4   6 
2007 Olive Branch, MS PGC PG   2 
2007 Tupelo, MS BO 6 12 
2007 Tupelo, MS BO 12   1 
2007 Starkville, MS TFy   3 
2002 Temecula, CA TCGC 5z 17 
 
y C. cereale isolates not exposed to thiophanate methyl were recovered from tall fescue 
grown at the Rodney R. Foil Research Center at Mississippi State University. 
 
z C. cereale isolates were collected from an annual bluegrass fairway in California never 
exposed to thiophanate methyl. 
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In 2007, creeping bentgrass samples were collected from asymptomatic putting 
greens, May through July, and placed in 11 cm wide x 9 cm long PVC pipe to maintain 
the integrity of the sample.  The samples were placed in a growth chamber with day/night 
temperatures of 35°/28°C and a 12 hour photoperiod to induce heat stress and encourage 
C. cereale infection.  Individual leaves with acervuli and setae were transferred to water 
agar (15 g agar/L).  The leaves were incubated at 25°C in the light for 24 hours.  Three 
leaves exhibiting conidial masses were placed in 300 µl of sterile distilled water 
contained in a 0.5 ml microcentrifuge tube.  The leaves were vortexed to release conidia 
into the aqueous solution.  The conidial suspension (150 µl) was dispersed with a glass 
rod onto the surface of ¼-PDA and incubated at 25°C in the light for 24 hours.  Five 
germinating conidia were transferred to individual ¼-PDA and incubated as previously 
described.  C. cereale isolates were prepared for long-term storage as previously 
described (Table 2.1).  C. cereale, never exposed to fungicides, was isolated from one-
year-old tall fescue (Schedonorus phoenix (Scop.) Holub) plots located at the Rodney R. 
Foil Research Center at Mississippi State University using protocol as previously 
described (Table 2.1). 
 
Thiophanate methyl bioassay 
 
Technical grade TM (97%) (Cleary’s Chemical, Dayton, NJ) was dissolved in 
acetone to obtain 10,000 ppm stock solution.  A fourfold dilution was used to acquire 
stock concentrations of 39, 156, 625, and 2500 ppm TM.   In vitro bioassays were 
performed in ¼-PDA (minus antibiotics) amended with 1 ml of stock concentrations to 
obtain final concentrations of 0.039, 0.156, 0.625, 2.5, and 10.0 ppm TM.  One treatment 
 
received 1 ml of acetone only and was used as the control.  The 10.0 ppm treatment was 
used as the discriminatory dose at which sensitive or resistant isolates were identified 
(Russel, 2004; Wong et al., 2008).  A selected group of C. cereale isolates were evaluated 
at an additional concentration of 100.0 ppm TM.  The medium was prepared 24 hours 
prior to use for all treatments. 
One hundred and three C. cereale isolates were evaluated by using a 5 mm 
diameter hyphal plug of a 10-day-old culture and placed mycelium-side-down in the 
center of TM-amended media.  Isolates were incubated at 25°C in the dark for 6 days.  
Three diameter measurements (mm) of colony growth were recorded for each isolate and 
percent relative growth (RG) was determined by utilizing the following formula: 
 
Average radial colony growth on TM-amended media      X 100 
Average radial colony growth on non-amended media 
 
Percent RG values were plotted at log concentrations of TM used in the in vitro bioassays 
to obtain dose response curves for C. cereale isolates collected from locations in MS and 
AL.  The effective concentration (EC50) to acquire 50% colony growth inhibition on TM-
amended media was calculated for isolates evaluated in in vitro bioassays.  Percent RG 
for an individual isolate at all TM-concentrations was subjected to the regression 
procedure (PROC REG) of Statistical Analysis System (SAS) 9.2 software (SAS 
Institute, Cary, NC).  The EC50 value (ppm) for each isolate was calculated by using the 
following equation: 
       50 – intercept (b0)  
ex       Log fungicide concentration (b1) 
 




Mechanism of thiophanate methyl resistance 
 
Fourteen C. cereale isolates collected in 2006 including 12 TM-resistant and 2 
TM-sensitive isolates based on bioassay results were used to determine the mechanism of 
TM resistance.  Mycelium was harvested from 21-day-old cultures grown on PDA and 
crushed in 200 μl of lysis buffer.  Four hundred microliters of lysis buffer was added and 
the mixture was vortexed followed by heating at 65°C for 1 hour to further lyse cells.  
Chloroform (600 µl) was added to the cell solution and vortexed to precipitate cell debris 
followed by centrifugation at room temperature for 15 to 20 minutes at 14,000 rpm to 
separate the debris and DNA.  Three hundred and fifty microliters of supernatant 
containing genomic DNA was pipetted to a new microcentrifuge tube.  Ten microliters of 
3 M sodium acetate (NaOAc) and 189 μl of isopropanol were added to each genomic 
DNA aliquot and centrifuged for 5 minutes to separate the DNA pellet.  The supernatant 
was decanted leaving only the pellet.  The tubes were inverted and left open to allow 
excess liquid to evaporate.  The pellet was washed with 70% ethanol.  One hundred 
microliters of Tris-EDTA (TE) buffer (10 μl TRIS 8.0, 1 mM EDTA) was added to the 
pellet and incubated at 65°C for 1 hour.  One microliter of RNase (20 μg/ml) was added 
and the product incubated at 37°C for 1 hour to remove RNA from genomic DNA.  The 
genomic DNA was stored at -20°C. 
 Polymerase chain reaction (PCR) was used to amplify two subunits of the β-
tubulin gene, β-tubulin 1 (TUB-1) (556 bp) and β-tubulin 2 (TUB-2) (500 bp) for each 
isolate.  The primers used for PCR were TUB-1 forward (5’-cgaggaattccctgatcgta-3’), 
TUB-1 reverse (5’-cctgcttcatggacaccttt-3’), TUB-2 forward (5’-ctcccttggtggaggtactg-3’), 
and TUB-2 reverse (5’-agaggcagccatcatgttct-3’) described by Wong et al. (2008).  The 
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PCR reactions were performed in 20 μl total volume of PCR-reagents plus 2 μl of 
genomic DNA.  Each PCR reaction received 2 μl of Thermopol Buffer with magnesium 
sulfate (MgSO4) (New England Biolabs, Ipswich, MA), 0.4 μl of each dNTP, 1 μl of the 
forward and reverse primers (5 pmol), 0.1 μl Taq DNA Polymerase with ThermoPol 
Buffer, and 15.5 μl of sterile distilled water.  The PCR amplification was performed in a 
PTC-200 DNA Engine (MJ Research, Waltham, MA).  The thermocycling program 
began with a denaturation step at 95°C for 5 minutes followed by 30 cycles of 94°C for 1 
minute, 57°C for 1 minute, 72°C for 1 minute, followed by an extension cycle at 72°C for 
10 minutes.  The PCR product was visualized performing electrophoresis in a 1.5% 
agarose gel.  The PCR product for each isolate was cleaned using ExoSAP-IT (USB 
Corporation, Cleveland, OH) by incorporating 2 µl of ExoSAP-IT in 5 µl of PCR 
product.  The sequencing reactions were prepared by mixing 3.5 µl of purified PCR 
product, 1 µl of forward primer (3.2 pmol), and 7.5 µl of sterile distilled water.  The 
samples were submitted for sequencing at the University of California, Riverside’s 
Genomics Core of Sequencing facility and sequenced using Big Dye Terminator v3.1 
chemistry (Applied Biosystems, Foster City, CA).  The resulting nucleotide sequences 
were aligned and compared using ClustalW to determine point mutations expressed 
within the C. cereale isolates. 
 Fifteen C. cereale isolates collected in 2007 including 12 TM-resistant and 3 TM-
sensitive isolates based on bioassay results were used to determine the mechanism of 
resistance.  Fresh C. cereale mycelium was harvested from colonies grown on PDA at 
25°C in the dark for 14 to 17 days. The mycelium was placed in liquid nitrogen and 
crushed to break hyphal cells prior to genomic DNA extraction using the DNeasy plant 
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mini kit (Qiagen, Valencia, CA).  Crushed mycelium (100 mg) was placed in a 1.5 ml 
microcentrifuge tube with 400 µl of Buffer AP1 and 4 µl of RNase A (100 mg/ml) and 
incubated for 10 minutes at 65°C to lyse cells.  Buffer AP2 (130 µl) was mixed with the 
lysate, incubated on ice for 5 minutes, and centrifuged at 14,000 rpm for 5 minutes to 
separate cell debris and supernatant.  The supernatant containing genomic DNA was 
transferred to a QIAshredder Mini Spin Column and centrifuged at 14,000 rpm for 2 
minutes to remove cell debris and precipitates.  The flow-through was transferred to a 
new tube and mixed with 1.5 volume of Buffer AP3/E by pipetting.  The solution was 
placed in the DNeasy Mini Spin Column and centrifuged at 8,000 rpm for 1 minute.  The 
genomic DNA trapped in the filter of the DNeasy Mini Spin Column was washed two 
consecutive times with Buffer AW (500 µl) by centrifuging at 14,000 rpm for 1 minute 
and 2 minutes, respectively.  Buffer AE (50 µl) was pipetted directly onto the filter, 
incubated at room temperature for 5 minutes, and centrifuged at 8,000 rpm for 1 minute 
to elude the genomic DNA from the filter two consecutive times. 
Genomic DNA was used to amplify the TUB-2 region.  The GoTaq® PCR Core 
System (Promega, Madison, WI) was used for all PCR reactions.  One microliter of 
diluted genomic DNA (1:10) was added to 20 µl total volume of PCR reagents.  Each 
PCR reaction contained 4 µl of 5X GoTaq® Flexi Buffer, Mg-Free, 1 µl magnesium 
chloride (MgCl2) (25 mM), 0.4 µl of dNTPs (40 mM), 2 µl of the forward and reverse 
primers (5 pmol), and 0.1 µl of GoTaq® DNA Polymerase (5 units/µl).  The PCR 
reaction was run in a MyCycler ™ Thermal Cycler (Bio-Rad, Hercules, CA) using the 
program previously described.  PCR product was visualized in a 1.5% agarose 
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electrophoresis gel.  ExoSAP-IT was used to remove excess primers and dNTPs from 
confirmed PCR product as previously described. 
The PCR product was prepared for sequencing by following the protocol of the 
DTCS Quick Start Kit (Beckman and Coulter, Fullerton, CA).  Each sequencing reaction 
consisted of 8 µl of DTCS Quick Start Master Mix, 2 µl of TUB-2 forward primer (3.2 
pmol), 4 µl of purified PCR product (50 to 100 fmol), and 6 µl of sterile distilled water.  
The reaction was run with the thermalcylcer program that had 30 cycles of 96°C for 20 
seconds, 50° for 20 seconds, and 60°C for 4 minutes.  The reaction was stopped by 
combining 2 µl each of sodium acetate (NaOAc) (1.5 M) (Sigma-Aldrich, St. Louis, MO) 
and Ethylenediaminetetraacetic acid disodium salt solution (Na2-EDTA) (100 mM) 
(Sigma-Aldrich, St. Louis, MO), and 1 µl of glycogen (20 mg/ml) with the 20 µl product 
from the thermalcycler.  The DNA was precipitated by adding 60 µl of cold 95% ethanol, 
centrifuged for 15 minutes at 14,000 rpm, and liquid decanted.  The DNA pellet was 
washed twice with 200 µl of cold 70% ethanol and centrifuged for 3 minutes at 14,000 
rpm.  The DNA pellet was resuspended in 40 µl sample loading solution (SLS) supplied 
and submitted for sequencing.  Nucleic acid sequencing was performed at the Life 
Sciences and Biotechnology Institute (LSBI) at Mississippi State University using the 
Beckman CEQ 8000 DNA Analysis System (Beckman and Coulter, Fullerton, CA).  The 
resulting nucleotide sequences were aligned and analyzed using DNASTAR Lasergene 
Software (DNASTAR Inc., Madison, WI).  Isolates collected in 2006 and 2007 were 
sequenced in the forward direction only, so sequencing was repeated using the protocol 






Thiophanate methyl bioassay 
There were 108 C. cereale isolates evaluated at selected TM concentrations in 
2006 and 2007, 22 of which were baseline sensitive isolates not exposed to TM.  The 86 
isolates collected from CBG in MS and AL were not inhibited by TM at the 
discriminatory dose of 10.0 ppm (Figure 2.1).  The data from experiment 1 and 2 were 
pooled to calculate ranges and means of percent RG for C. cereale isolates.  RG of TM-
resistant isolates ranged from 77.5% to 130.7% with a mean of 99.3% at 10.0 ppm TM; 
whereas, RG of the sensitive isolates ranged from 0.0% to 48.7% with a mean of 20.4% 




Figure 2.1.   Colony growth of a Colletotrichum cereale isolate collected from creeping 
bentgrass (left) and a baseline sensitive C. cereale isolate (right) incubated 





Colony growth differences between uninhibited and baseline sensitive isolates 
were evident at the 0.625 ppm TM treatment (Figure 2.2 and 2.3).  The dose response 
curves illustrate the differences in percent RG at the selected TM concentrations when 
comparing baseline sensitive and uninhibited C. cereale isolates included in 2006 and 
2007 (Figure 2.4 and 2.5).  Percent RG of uninhibited isolates was linear across all 
concentrations, while colony growth of baseline sensitive isolates was inhibited as TM-
concentration increased.  The EC50 values of C. cereale isolates collected from CBG 
exhibiting TM resistance were not computable due to a lack of colony growth inhibition 
at 10.0 ppm TM.  However, the EC50 of baseline sensitive isolates ranged from 0.6 ppm 
to 11.2 ppm with a mean of 3.4 ppm TM (Appendix A). 
 
 
0.0 ppm 0.156 ppm 0.0039 ppm 
0.625 ppm 10.0 ppm 2.5 ppm 
Figure 2.2.   Uninhibited colony growth of a Colletotrichum cereale isolate collected 
from creeping bentgrass in Alabama exhibiting resistance to thiophanate 
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Figure 2.3.   Colony growth inhibition of a Colletotrichum cereale baseline isolate 
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Figure 2.4.   Dose response curves of Colletotrichum cereale isolates from EC50 bioassay 
performed in 2006 illustrate the responses of resistant and baseline (TCGC 










-1.408 -0.806 -0.204 0.398 1.000

















Figure 2.5.   Dose response curves of Colletotrichum cereale isolates from EC50 bioassay 
performed in 2007 illustrate the responses of resistant and baseline (TCGC 
5-48 and TF 1A) isolates to log concentrations of thiophanate methyl. 
 
 
Mechanism of thiophanate methyl resistance 
 
Nine nucleotide sequences were obtained from purified PCR-product of the β-
tubulin 1 (TUB-1) gene.  The TUB-1 sequence stretched from aa position 180 to 329 
(Panaccione and Hanau, 1989).  There were no aa point mutations observed in the TUB-1 
aa sequence.  The aa sequences were consistent among the sensitive C. cereale isolates, 
uninhibited C. cereale isolates from MS and AL, and the aa sequence for TUB-1 obtained 
from NCBI gene bank (GenBank accession no. M34491).  The locations where 
nucleotide sequences differed between resistant and sensitive C. cereale isolates coded 




 Fourteen nucleotide sequences were obtained from purified PCR-product of the β-
tubulin-2 (TUB-2) subunit.  The TUB-2 sequence ranged from aa position 163 to 303, 
which contains the two decisive aa residues at positions 198 and 200 (Panaccione and 
Hanau, 1989).  At position 198, 11 of the uninhibited isolates had an aa point mutation 
from glutamic acid (Glu) to alanine (Ala) (E198A).  One of the isolates, FL B3-1, had an 
aa point mutation from phenylalanine (Phe) to tyrosine (Tyr) at aa position 200 (F200Y).  
The two TM-sensitive isolates retained Glu and Phe at positions 198 and 200, 
respectively.  There were no other aa mutations in the resistant isolates that would confer 
resistance to the benzimidazole fungicides (Figure 2.6). 
 Fifteen nucleotide sequences of TUB-2 were obtained directly from PCR-product 
in 2007.  The nucleotide sequences were highly similar between resistant and sensitive C. 
cereale isolates with the exception of the amino acids at the decisive positions.  Three 
resistant isolates had the E198A point mutation, and 9 other resistant isolates had the 
F200Y point mutation (Figure 2.6).  The three sensitive isolates, including two isolates 
collected from tall fescue, retained Glu and Phe at aa positions 198 and 200, respectively.  
All the results obtained from 2006 and 2007 were confirmed by repeating the work and 
obtaining the same results for all isolates. 
Based on these results, 22 C. cereale isolates collected from CBG in MS and AL 
expressing aa point mutations at position 198 or 200 were evaluated at 100.0 ppm TM.  
Relative growth for resistant isolates ranged from 90% to 105% with a mean of 97% at 
100.0 ppm TM; therefore, all EC50 values were considered to be greater than 100.0 ppm 
(Appendix A).  Baseline isolates, TF 1C and TCGC 5-35, were included as controls and 
mean RG values at 100.0 ppm TM were 7% and 9%, respectively.
31 
amino acid positions 
 
Isolate ID Accession #               170                      180                      190                      200  
BO 6 9 (res) FJ476048 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
BO 6 37 (res) FJ476049 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
BO 12 3 (res) FJ476050 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
FL A2-1 (res) FJ476051 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  YCIDNE 
FL B3-1 (res) FJ476052 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
GS 4 22 (res) FJ476053 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  YCIDNE 
GS 4 28 (res) FJ476054 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  YCIDNE 
OO 4 G1-1 (res) FJ476055 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
OO 4 K1-1 (res) FJ476056 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
OO 4 O1-2 (res) FJ476057 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
OO 7 1 (res) FJ476058 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  YCIDNE 
OO 7 E5-1 (res) FJ476059 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
OO 7 R1-1 (res) FJ476060 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
OO 7 R2-1 (res) FJ476061 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
OW 15 52B (res) FJ476062 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  YCIDNE 
OW 15 56B (res) FJ476063 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
OW 15 I4b-1 (res) FJ476064 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
OW 15 N5b (res) FJ476065 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
OW 15 R4-1 (res) FJ476066 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDAT  FCIDNE 
OW 16 1C (res) FJ476067 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  YCIDNE 
OW 16 14B (res) FJ476068 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  YCIDNE 
PGC PG 1 (res) FJ476069 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  YCIDNE 
PGC PG 4 (res) FJ476070 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  YCIDNE 
TCGC 5-35 (sens) EU116291 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  FCIDNE 
TF 1A (sens) FJ476071 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  FCIDNE 
TF 1C (sens) FJ476072 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  FCIDNE 
TUB-2 (GenBank) M34492 ATFSV  VPSPKVSDTV  VEPYNATLSV  HQLVENSDET  FCIDNE 
 
Figure 2.6.   Partial amino acid sequences of β-tubulin 2 from Colletotrichum cereale 
isolates collected from creeping bentgrass putting greens in 2006 and 2007 
spanning amino acid residues 165 to 206 conferring thiophanate methyl 
resistance due to either an amino acid point mutation to alanine (A) at 
position 198 or tyrosine (Y) at position 200, whereas, sensitive isolates 





All C. cereale isolates collected in 2006 and 2007 from MS and AL were not 
inhibited by TM at the discriminatory dose (10.0 ppm) in in vitro bioassays.  The mean 
percent RG for resistant isolates was five times greater than that of sensitive isolates at 
10.0 ppm. 
 Benzimidazole resistance has been documented in many fungal species infecting a 
wide host range.  An aa point mutation in the TUB-2 subunit has been identified in 
benzimidazole-resistant isolates of Aspergillus nidulans (Eidam) G. Wint. (Jung and 
Oakley, 1990), Venturia inaequalis (Cooke) G. Wint. (Koenraadt et al., 1992), Botrytis 
cinerea Pers.:FR. (Yarden and Katan, 1993), and C. gloeosporioides (Penz.) Penz. & 
Sacc. (Chung et al., 2006; Maymon et al., 2006; Peres et al., 2004).  Colletotrichum 
gloeosporioides infects a wide host range including the herbaceous ornamental genus 
Limonium (Plumbaginaceae Juss.), northern jointvetch (Aeschynomene virgininica), and 
various fruit crops.  The benzimidazole-resistant C. gloeosporioides infecting Limonium 
spp. exhibited the E198A point mutation; whereas, C. gloeosporioides infecting northern 
jointvetch had a point mutation at position 198 from Glu to Lys (E198K).  These results 
were similar to C. cereale isolates obtained from CBG and annual bluegrass.  All C. 
cereale isolates collected from annual bluegrass in CA that were resistant to TM 
expressed the E198K mutation; however, the TM-resistant C. cereale isolates collected 
from CBG in MS and AL expressed the E198A mutation (Wong et al. 2008). 
Benzimidazole-resistant fungi have been characterized as intermediately to highly 
resistant based on EC50 values; however, these fungi expressed aa point mutations at 
separate sites.  Highly resistant (EC50 >100.0 ppm) C. gloeosporioides isolates infecting 
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Japanese pear exhibited the E198A point mutation; whereas, two C. gloeosporioides 
isolates infecting Japanese pear expressing the F200Y point mutation were intermediately 
resistant (EC50 from 10.0 to100.0 ppm) (Chung et al., 2006).  Varying levels of resistance 
were also documented for benomyl-resistant V. inaequalis, V. pirina Aderhold, and B. 
cinerea (Koenraadt et al., 2002; Yarden and Katan, 1993).  The TM-resistant C. cereale 
isolates collected from CBG in MS and AL did not exhibit varying levels of resistance as 
documented in the various fungi previously discussed.  None of the TM-resistant isolates 
exhibited colony growth inhibition greater than 90% at 100.0 ppm TM, regardless of the 
aa point mutation identified for the isolates. 
Two novel aa point mutations were identified to confer the mechanism of TM 
resistance in C. cereale isolates infecting CBG in MS and AL.  In 2006, only one isolate 
expressed the F200Y point mutation, compared to 9 isolates in 2007.  The remaining C. 
cereale isolates that were confirmed as TM-resistant in 2006 and 2007 expressed the 
E198A point mutation.  Neither the E198A nor F200Y point mutation had been 
documented previously in C. cereale isolates collected from CBG or annual bluegrass.  
After a thorough review of the literature, it appears this was the first evidence that the 
F200Y point mutation was identified in Colletotrichum sp. isolated in the United States. 
Further studies need to be performed at the population level to determine the 
dynamics of TM resistance of C. cereale isolates within CBG populations.  These 
population studies should be performed through collaborative efforts of researchers 
throughout the United States by systematically collecting C. cereale isolates from CBG 
and annual bluegrass.  Genetic diversity studies should be performed to determine if 
subgroups are obtained from separate hosts or geographical regions using protocol 
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similar to documented research performed with S. homoeocarpa isolates (Jo et al., 2008).  
Practical resistance to benzimidazole fungicides has been identified in C. cereale isolates 
from creeping bentgrass and annual bluegrass throughout the United States, but there 
may be subgroups based on which point mutations confer resistance to single-site MOA 
fungicides.  This research may lead to identifying more F200Y mutations from other 
hosts or locations.  Anthracnose has become a primary disease on CBG in MS and AL 
during the summer months over the past 15 years, and fungicide resistance appears to 
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AMINO ACID POINT MUTATION IN CYTOCHROME B CONFERS 
AZOXYSTROBIN RESISTANCE IN COLLETOTRICHUM 
CEREALE ISOLATES FROM CREEPING BENTGRASS 
IN MISSISSIPPI AND ALABAMA 
 
Abstract 
Azoxystrobin is labeled for control of Colletotrichum cereale, but its specific 
mode-of-action led to an increased propensity of fungicide resistance.  For this study, in 
vitro bioassays were performed to evaluate the sensitivity of 104 isolates at 0.031 ppm 
and 8.0 ppm azoxystrobin.  Eighty-one isolates were collected from creeping bentgrass in 
Mississippi and Alabama that had been exposed to azoxystrobin, and 23 isolates were 
obtained from non-exposed turfgrasses.  Relative growth of exposed isolates ranged from 
42.2% to 118.5% with a mean of 78.6% compared to non-exposed isolates ranging from 
0.0% to 25.0% with a mean of 4.4% at 8.0 ppm azoxystrobin.  The effective 
concentration to inhibit 50% colony growth (EC50) was determined for selected C. 
cereale isolates.  Colony growth of azoxystrobin-exposed isolates was not inhibited 
resulting in EC50 values greater than 8.0 ppm compared to non-exposed isolates having a 
mean EC50 value of 0.130 ppm.  A representative sample of azoxystrobin-exposed and 
non-exposed isolates was used to confirm the mechanism of resistance by comparing 
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amino acid sequences of the cytochrome b gene.  The azoxystrobin-exposed isolates had 
an amino acid point mutation from glycine to alanine at position 143, whereas, the five 
non-exposed isolates retained glycine at position 143.  The point mutation at position 143 
conferred resistance to azoxystrobin in C. cereale isolates from creeping bentgrass in 
Mississippi and Alabama. 
 
Introduction 
In the 1970’s, the focus of the fungicide industry was to develop new chemistries 
of synthetic fungicides, whereas, some groups were analyzing natural by-products of 
basidiomycete fungi for antifungal properties. The ICI company discovered strobilurin 
products by fermenting the fungus Strobilurus tenacellus (Pers ex Fr) Singer, observed 
growing from pine cones (Sauter et al., 1999).  Initial studies identified this substance as 
a product to minimize tumor growth in mice, but further studies identified antifungal 
properties of strobilurins.  Surveying studies continued and multiple fungi collected from 
various climatic zones throughout the world also produced the strobilurin product.  The 
chemical structure of strobilurins was studied in order to manufacture a synthetic 
fungicide with properties that would maximize the efficacy of the fungicide.  Most of the 
chemical structures developed degraded quickly in light and were not efficiently 
translocated within the host plant.  Scientists at Zeneca Ltd. determined the diphenyl 
ether structure resulted in a more stable compound with xylem mobility in the plant 
(Sauter et al., 1999).  This synthetic fungicide was first released in Germany in February 
1996 under the common name azoxystrobin (AZ). 
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The introduction of AZ influenced the fungicide market like few other synthetic 
fungicides produced before 1996.  AZ was the world’s best selling fungicide in 1999; 
registered for application on 84 crops in 72 countries (Bartlett et al., 2002).  AZ is a 
broad-spectrum fungicide labeled for several turfgrass diseases.  The biochemical mode-
of-action (MOA) of AZ targets the mitochondrial electron transport chain at the Qo 
center of cytochrome bc1 (Ziogas et al., 1997). 
Fungicide resistance was a primary concern centered on AZ.  This came to light 
when scientists identified five natural amino acid point mutations in basidiomycete fungi, 
naturally producing antifungal toxins, which prevented the deleterious effects identified 
in wild type fungi (Gisi et al., 2002).  This information led to studies in laboratory 
mutants of Venturia inaequalis (Cooke) Winter (Zheng et al., 2000) and Magnaporthe 
grisea (Hebert) Barr (Avila-Adame and Köller, 2003).  Point mutations were identified in 
isolates of V. inequalis grown in the presence of AZ.  In vitro bioassays, inoculation 
studies and molecular techniques were used to characterize mutant isolates of M. grisea.  
Both studies resulted in nearly homologous amino acid sequences among wild type 
isolates and the mutants; however, an amino acid point mutation was identified at 
position 143 in the mutant isolates.  The bioassays with M. grisea resulted in a wild type 
isolate having an effective concentration inhibiting colony growth by 50 percent (EC50 ) 
of 0.01 ppm AZ compared to mutant isolates with an EC50 value greater than 10.0 ppm 
without affecting the competitiveness of the mutant isolates to host plants (Avila-Adame 
and Köller, 2003). 
It has been demonstrated that two different processes can trigger the target fungi 
to exhibit resistance.  In one instance, the fungi utilize an alternative oxidase pathway, 
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when grown in vitro, causing the active ingredient to bypass the cytochrome b rendering 
the chemical ineffective (Ziogas et al., 1997; Avila-Adame et al., 2003; Vincelli and 
Dixon, 2002; Avila-Adame and Köller, 2003).  The primary form of resistance occurs 
when an amino acid point mutation in the cytochrome b gene is expressed, significantly 
reducing the binding affinity of AZ to the target site (Avila-Adame et al., 2003; Brent and 
Holloman, 2007; Bartlett et al., 2002).  According to the Fungicide Resistance Action 
Committee (FRAC) publication (2007), putative point mutations may occur at amino acid 
residues 129 or 143 in the cytochrome b gene conferring resistance to AZ.  At position 
129 lysine is substituted for phenylalanine (F129L) and at position 143 alanine is 
substituted for glycine (G143A) (Brent and Holloman, 2007; Avila-Adame et al., 2003; 
Gisi et al., 2002; Wong et al., 2007). 
The inevitable concerns of fungicide resistance developing quickly within a 
fungal population became a reality shortly after AZ’s release to the market.  Multiple 
researchers evaluated numerous plant pathogens isolated from various host crops.  Many 
of these initial studies and follow-up studies resulted in a high frequency of AZ resistance 
among multiple pathogenic fungi isolated from many hosts (Avila-Adame and Köller, 
2003; Pasche et al., 2004; Wong and Wilcox, 2001; Mondal et al., 2005; Ishii et al., 
2007).  These results were derived from laboratory studies and molecular techniques that 
confer AZ resistance.  The molecular techniques identified the two amino acid point 
mutations previously mentioned.  Isolates expressing the F129L mutation resulted in 
intermediate resistance, whereas, isolates expressing the G143A mutation were 
completely resistant to AZ in vitro (Rosenzweig et al., 2008; Wong et al., 2007; Avila-
Adame et al., 2003; Kim et al., 2003; Bartlett et al., 2002). 
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AZ resistance developed quickly in various fungi infecting cool-season 
turfgrasses.  A severe outbreak of the disease gray leaf spot (Pyricularia grisea (Cooke) 
Sacc) occurred in the summer of 2000 on perennial ryegrass (Lolium perenne L.) 
fairways on golf courses throughout the Midwest and northeastern United States (Vincelli 
and Dixon, 2002).   P. grisea isolates obtained from these areas were subjected to AZ-in 
vitro and in vivo bioassays.  These isolates exhibited significantly less sensitivity to AZ 
compared to isolates that were never exposed to AZ.  Some isolates identified as AZ-
resistant were exposed to only three to five applications of AZ confirming the hypothesis 
that resistance may occur relatively quickly under severe disease outbreaks (Vincelli and 
Dixon, 2002). 
 Avila-Adame et al. (2003) compared the efficacy of AZ to C. graminicola (Ces.) 
G.W. Wils. baseline isolates, never exposed to AZ, and potentially resistant isolates from 
Japan that had been exposed to AZ.  The initial comparison was made using in vivo and 
in vitro bioassays resulting in reduced or no sensitivity in isolates previously exposed to 
the AZ.  The resistant isolates had an EC50 greater than 10 ppm (Avila-Adame et al., 
2003).  Nucleotide sequencing of cytochrome b was performed on resistant C. 
graminicola isolates and compared to the sensitive isolates.  All resistant isolates had 
homologous amino acid sequences containing four separate amino acid point mutations, 
but the primary mutation identified to confer AZ resistance was the G143A mutation 
(Avila-Adame et al., 2003). 
 The results from these studies led to similar studies. Wong et al. (2007) conducted 
studies similar to those previously mentioned on C. cereale Manns (Crouch et al., 2006) 
isolates obtained from annual bluegrass (Poa annua L.) putting greens in California.  C. 
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cereale isolates were collected from two locations never exposed to AZ (baseline) and 
eight locations that had been exposed to AZ.  All isolates collected from the exposed 
populations were significantly less sensitive to AZ in in vitro and in vivo bioassays.  The 
baseline population was used to determine a discriminatory dose of 8.0 ppm AZ.  This is 
a single concentration used to identify resistance or sensitivity of isolates to AZ.  
Nucleotide sequencing of sensitive and resistant isolates resulted in all AZ-resistant 
isolates expressing the G143A point mutation. 
 Isolates of C. cereale collected from annual bluegrass putting greens in the mid-
Atlantic, Ohio River Valley, California, Kentucky, and Georgia have been identified as 
resistant to AZ (Wong et al., 2007; Vincelli and Powell, 2007).  To date, information is 
lacking on C. cereale isolates causing anthracnose of creeping bentgrass (Agrostis 
stolonifera L.) in Mississippi (MS) and Alabama (AL).  Therefore, the following 
objectives have been identified: (i) evaluate C. cereale isolates for resistance to AZ using 
in vitro bioassays, and (ii) obtain partial nucleotide sequences of cytochrome b to confirm 
the mechanism of fungicide resistance. 
 
Materials and methods 
 
 Sixty-four creeping bentgrass samples (1.27 cm wide x 4.5 cm long) were 
collected from putting greens exhibiting symptoms of anthracnose from June to August 
of 2006 in MS and AL (Table 3.1).  Individual plants exhibiting signs of C. cereale 
(acervuli and setae) were used to isolate the fungus.  Plants were surface-disinfested by 
rinsing in 70% ethanol for 1 minute followed by an agitated rinse in 0.6% sodium 
hypochlorite solution for 90 seconds and rinsed with sterile distilled water three 
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consecutive times and dried on filter paper in a laminar flow hood (Backman et al., 1999; 
Khan and Hsiang, 2003).  One hundred plants were transferred (five per plate) onto ¼-
strength potato dextrose agar (¼-PDA) (6 g PDA and 15 g agar/L amended with 100 mg 
streptomycin sulfate dissolved in 5.0 ml sterile dH2O and 100 mg chloramphenicol 
dissolved in 2.5 ml ethanol).  The plants incubated at 25°C in the light for four to seven 
days.  Fungal colonies associated with acervuli, setae, and conidial masses characteristic 
of C. cereale were transferred to fresh ¼-PDA and incubated at 25°C in the light for 21 
days.  Monoconidial isolates were subsequently obtained through serial dilutions.  
Individual germinating conidia were transferred to ¼-PDA and incubated as previously 
described.  C. cereale isolates were grown on sterilized glass fiber filter paper (GFFP) 
that was overlaid on PDA and incubated at 25°C in the dark for 21 days to minimize 
sporulation.  The GFFP was removed, dried in a laminar flow hood for 24 hours, and 
subsequently stored at -20°C for long-term storage.  Baseline sensitive (BS) C. cereale 
isolates used in this study were obtained from an annual bluegrass fairway in California 
never exposed to AZ or other strobilurin fungicides applied to turfgrasses including 
trifloxystrobin and pyraclostrobin (Wong et al., 2007) (Table 3.1).
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Table 3.1.  Colletotrichum cereale isolates collected from creeping bentgrass putting 
greens from locations within MS and AL in 2006 and 2007. 
 
Year  Location Putting Green Number of Isolates 
2006 West Point, MS OW 15 30 
2006 Birmingham, AL OO 4  6 
2006 Birmingham, AL OO 7  5 
2006 Sylacauga, AL FL  2 
2007 West Point, MS OW 15  6 
2007 West Point, MS OW 16 10 
2007 Birmingham, AL OO 7   1 
2007 Inverness, AL GS 4   6 
2007 Olive Branch, MS PGC PG   2 
2007 Tupelo, MS BO 6 12 
2007 Tupelo, MS BO 12   1 
1999 Pennsylvania 99x   4 
2007 Starkville, MS TFy   4 
2002 Temecula, CA TCGC 5z 17 
 
x C. cereale isolates were collected from annual bluegrass in Pennsylvania never exposed 
to azoxystrobin courtesy Gilberto Olaya, Syngenta Crop Protection (Avila-Adame et al., 
2003). 
 
y C. cereale isolates not exposed to azoxystrobin were isolated from tall fescue grown at 
the Rodney R. Foil Research Center, Mississippi State University. 
 
z C. cereale isolates were collected from an annual bluegrass fairway in California never 
exposed to azoxystrobin (Wong et al., 2007).
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 From May through July 2007, plugs of creeping bentgrass were collected from 
asymptomatic putting greens, and placed in PVC pipe (11 cm wide x 9 cm long) to 
maintain the integrity of the sample.  The creeping bentgrass samples were placed in a 
growth chamber with day/night temperatures of 35°/28°C and a 12 hour photoperiod to 
induce heat stress and C. cereale infection.  Individual leaves with acervuli and setae 
were transferred to water agar (15 g agar/L) and incubated at 25°C in the light for 24 
hours.  Three leaves exhibiting conidial masses were placed in 300 µl of sterile distilled 
water contained in a 0.5 ml microcentrifuge tube.  The leaves were vortexed to release 
conidia into the aqueous solution.  The conidial suspension (150 µl) was dispersed with a 
glass rod onto the surface of ¼-PDA and incubated at 25°C in the light for 24 hours.  
Individual germinating conidia were transferred to ¼-PDA and incubated as previously 
described.  A total of 38 C. cereale isolates were collected in 2007 and prepared for long-
term storage as previously described (Table 3.1).  Two BS isolates were received 
courtesy Gilberto Olaya (Syngenta Crop Protection, Vero Beach, FL) (Table 3.1).  Four 
C. cereale isolates never exposed to AZ were recovered from tall fescue (Schedonorus 
phoenix (Scop.) Holub) growing at the Rodney R. Foil Research Center, Mississippi State 
University as previously described (Table 3.1). 
 
Azoxystrobin bioassays 
All isolates were screened against AZ at two concentrations to determine the 
number of isolates that were sensitive or resistant to AZ.  Heritage 50 WG (Syngenta, 
Greensboro, NC) was dissolved in acetone to obtain 8,000 ppm and 31 ppm AZ stock 
solutions.  One milliliter of each stock solution was incorporated into sterile ¼-PDA 
 
(minus antibiotics) yielding two concentrations 0.031 and 8.0 ppm AZ and a control with 
no fungicide.  Salicylhydroxamic acid (SHAM) (Sigma, St. Louis, MO) was included in 
the bioassays to block the alternative oxidase pathway.  A stock solution of SHAM 
(100,000 ppm) was prepared by dissolving in a 1:1 (acetone:methanol) solution, and 1 ml 
was incorporated in all treatments including the control at a final concentration of 100.0 
ppm SHAM.  The medium was mixed thoroughly and 20 ml was dispensed in 100 x 15 
mm petri plates (Fisher Scientific, Pittsburg, PA) 24 hours prior to use. 
One hundred and four C. cereale isolates were evaluated by placing a 5 mm 
diameter hyphal plug (hyphal-side-down) from a 10-day-old culture in the center of AZ-
amended media.  Isolates were incubated at 25°C in the dark for 6 days.  Three diameter 
measurements (mm) of colony growth were recorded for each isolate and percent relative 
growth (RG) was determined using the following formula in Microsoft Excel (Redman, 
WA): 
Average radial colony growth on AZ-amended media      X 100 
Average radial colony growth on non-amended media 
 
The AZ bioassay was repeated in two separate experiments. 
 A representative sample of isolates categorized as resistant or sensitive were used 
to determine EC50 values.  Heritage 50 WG was dissolved in acetone to obtain a fresh 
stock of 8,000 ppm of AZ.  A fourfold dilution was used to acquire stock concentrations 
of 0.49, 1.95, 7.8, 31.0, 125.0, 500.0, and 2000.0 ppm AZ.  The EC50 bioassay was 
performed in ¼-PDA amended with 1 ml of each stock solution to obtain final 
concentrations of 0.00049, 0.00195, 0.0078, 0.031, 0.125, 0.5, 2.0 and 8.0 ppm AZ.  All 
47 
 
treatments including the control (no AZ) contained SHAM (100.0 ppm).  Media was 
prepared 24 hours prior to use as previously described. 
 The EC50 was determined for 39 isolates using protocol previously described to 
obtain percent RG values.  Percent RG was plotted at log concentrations of AZ to obtain 
dose response curves for C. cereale isolates collected from locations in MS and AL using 
Microsoft Excel.  Percent RG for an individual isolate at all AZ-concentrations was 
subjected to the regression procedure (PROC REG) of Statistical Analysis System (SAS) 
9.2 software (SAS Institute, Cary, NC).  The EC50 value (ppm) for each isolate was 
calculated by using the following equation: 
       50 – intercept (b0)  
ex       Log fungicide concentration (b1) 
 
The EC50 bioassay was repeated in two separate experiments. 
 
Mechanism of azoxystrobin resistance 
A representative sample of C. cereale isolates collected in 2006 and 2007, 
exhibiting resistance or sensitivity in AZ bioassays, was selected to determine the 
mechanism of AZ resistance.  Fresh C. cereale mycelium was harvested from colonies 
grown on PDA (39 g PDA/L) at 25°C in the dark for 14 to 17 days. The mycelium was 
placed in liquid nitrogen and crushed to break hyphal cells prior to ribonucleic acid 
(RNA) extraction using the RNeasy plant mini kit (Qiagen, Valencia, CA).  Reverse 
transcriptase (RT) was used to create copy deoxyribonucleic acid (cDNA) from RNA 
following the AccessQuick ™ RT-PCR System (Promega, Madison, WI) protocol.  Each 
reaction consisted of 25 µl of AccessQuick Master Mix 2X, 2 µl of the forward (5’-




(Wong et al., 2007), 15 µl of sterile distilled water, 1 µl of AMV reverse transcriptase, 
and 5 µl of RNA template in a 0.2 ml microcentrifuge tube.  The tubes were placed in a 
MyCycler ™ Thermal Cycler (Bio-Rad, Hercules, CA) and incubated at 45°C for 45 min. 
Polymerase chain reaction (PCR) was performed using 5 µl cDNA per reaction to 
amplify a portion of the cytochrome b gene (219 bp) containing the amino acid residues 
at positions 129 and 143.  Each PCR reaction received 20 µl total volume of PCR 
reagents from the GoTaq® PCR Core System (Promega, Madison, WI).  Each PCR 
reaction consisted of 4 µl of 5X GoTaq® Flexi Buffer, Mg-Free, 1 µl magnesium 
chloride (MgCl2) (25 mM), 0.4 µl dNTPs (40 mM), 2 µl of the forward and reverse 
primers (5 pmol), 0.1 µl of GoTaq® DNA Polymerase (5 units/µl), and 10.5 µl of sterile 
distilled water.  The PCR reaction was run with the thermalcycler program beginning 
with a denaturation step at 95°C for 3 min followed by 30 cycles of 95°C for 30 seconds, 
51°C for 45 seconds, 72°C for 2 minutes, followed by an extension cycle at 72°C for 5 
minutes.  PCR product was visualized in a 1.5% agarose electrophoresis gel. 
 PCR product was purified using ExoSAP-IT (USB Corporation, Cleveland, OH) 
to prepare for cloning with the pGEM-T Easy Vector (Promega, Madison, WI).  Two 
microliters of ExoSAP-IT was incorporated into 5 µl of PCR product and incubated at 
37°C for 15 min to remove the unused dNTPs and primers followed by incubation at 
80°C for 15 min to deactivate the product.  Immediately after the purification process, the 
ligation reaction was prepared by combining 5 µl of 2X Rapid Ligation Buffer, 1µl of 
pGEM-T Easy Vector (50 ng), 1 µl T4 DNA Ligase (3 Weiss units/µl), 2 µl sterile 
distilled water, and 1 µl of purified PCR product.  The ligation reaction was incubated at 
4°C for 16 to 24 hours. 
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 Luria-Bertani (LB) medium (10 g Bacto-tryptone, 5 g of Bacto-yeast extract, 5 g 
NaCl, and 15 g agar/L) amended with ampicillin (0.1 ppm) (Sigma-Aldrich, St. Louis, 
MO) was prepared prior to transforming competent cells.  Fifty microliters of JM109 
High Efficiency Competent Cells (Promega, Madison, WI) were mixed with 2 µl of 
ligation reaction.  The cells were heat-shocked at 42°C for 45 seconds, and immediately 
placed in ice for 2 min.  LB liquid medium (10 g Bacto-tryptone, 5 g of Bacto-yeast 
extract, and 5 g NaCl/L) (950 µl) was incorporated in the transformation reactions and 
incubated at 37°C with shaking (150 rpm) for 1.5 hours.  Ampicillin amended LB 
medium plates were further amended with 100 µl of isopropyl-β-D-thiogalactopyranoside 
(IPTG) (100 mM) (Sigma-Aldrich, St. Louis, MO) and 20 µl of 5-bromo-4-chloro-3-
indolyl-β-D-galactoside (X-Gal) (50 mg/ml) (Sigma-Aldrich, St. Louis, MO) dispersed 
over the medium with a glass rod.  One hundred microliters of transformed competent 
cells were spread evenly over LB/ampicillin/IPTG/X-Gal plates and incubated at 37°C 
overnight.  Three white colonies were selected for each isolate by picking up an 
individual colony with a sterilized toothpick and dropping it into 2 ml of LB liquid 
medium in a culture tube.  The individual colonies were cultured by incubating on a 
shaker for 16 hours at 37°C. 
 The plasmids were purified using protocol from the QIAprep Spin Miniprep Kit 
(Qiagen, Valencia, CA).  Cultured bacterial cells were pipetted to a 1.5 ml 
microcentrifuge tube and centrifuged to separate liquid medium and cells.  The liquid 
medium was decanted and bacterial cells were resuspended in 250 µl of Buffer P1. The 
bacterial cells were broken to release plasmids by incorporating Buffer P2 (250 µl) and 
subsequently Buffer N3 (350 µl) followed by centrifugation for 10 minute at 13,000 rpm.  
 
51 
The supernatant containing the plasmids was transferred to a QIAprep spin column and 
centrifuged for 1 minute at 13,000 rpm.  The QIAprep spin column containing the 
plasmids was washed two consecutive times with Buffer PB (500 µl) and Buffer PE (750 
µl) by centrifuging for 1 minute at 13,000 rpm and discarding the remnant buffer 
solution.  The plasmids were released from the filter by adding 50 µl of Buffer EB and 
centrifuged for 1 minute.  The restriction enzyme, EcoR1 (Promega, Madison, WI), was 
used to digest the plasmid to ensure the cloning process was successful.  A 20 µl reaction 
was prepared by adding 2.0 µl of RE 10X Buffer, 0.2 µl of Acetylated bovine serum 
albumin (BSA) (10 ppm), 1 µl of purified plasmid solution, 0.5 µl of EcoR1 enzyme, and 
16.3 µl of sterile distilled water.  The mixture was briefly centrifuged and incubated at 
37°C for approximately 3 hours.  The product was visualized using electrophoresis in a 
1.5% gel. 
 The products confirmed to be the correct size were used to obtain nucleotide 
sequences of the portion of cytochrome b in question.  The purified plasmids were 
prepared for sequencing by following the protocol of the DTCS Quick Start Kit 
(Beckman and Coulter, Fullerton, CA).  The plasmids were diluted fourfold, and 3 µl of 
plasmids were pipetted into 7 µl of distilled water to obtain a final concentration of 50 to 
100 fmol.  The plasmids were heat shocked at 96°C for 3 minutes to nick plasmids prior 
to preparing the sequencing reaction.  The sequencing reaction was completed by 
incorporating 8.0 µl DTCS Quick Start Master Mix and 2.0 µl of forward primer (1.6 
pmol) to obtain the final volume of 20 µl.  The reaction was run with a thermalcycler 
program of 30 cycles at 96°C for 20 seconds, 50°C for 20 seconds, and 60°C for four 
min.  The reaction was stopped by adding 2 µl of each: sodium acetate (NaOAc) (1.5 M) 
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(Sigma-Aldrich, St. Louis, MO) and Ethylenediaminetetraacetic acid disodium salt 
solution (Na2-EDTA) (100 mM) (Sigma-Aldrich, St. Louis, MO), and 1 µl of glycogen 
(20 mg/ml) to the 20 µl product.  The DNA was precipitated by adding 60 µl of cold 95% 
ethanol, centrifuged for 15 min at 14,000 rpm, and liquid decanted.  The DNA pellet was 
washed twice with 200 µl of cold 70% ethanol and centrifuged for 3 minutes at 14,000 
rpm.  The DNA pellet was resuspended in 40 µl of sample loading solution supplied and 
submitted for sequencing.  Nucleic acid sequencing was performed at the Life Sciences 
and Biotechnology Institute at Mississippi State University using the Beckman CEQ 
8000 DNA Analysis System (Beckman and Coulter, Fullerton, CA).  The resulting 
nucleotide sequences were aligned and analyzed using DNASTAR Lasergene Software 





There were 104 C. cereale isolates evaluated for AZ sensitivity in 2006 and 2007, 
including 23 BS isolates that had not been exposed to AZ.  The 81 isolates collected from 
creeping bentgrass putting greens in MS and AL were not inhibited at the discriminatory 
dose of 8.0 ppm AZ (Figure 3.1).  Percent RG values of those C. cereale isolates were 
pooled to calculate the overall range and mean at each AZ concentration.  RG ranged 
from 68.0% to 146.1% with a mean of 96.5% at 0.031 ppm AZ.  At 8.0 ppm AZ, RG 
ranged from 42.2% to 118.5% with a mean of 78.6%.  In comparison, RG of BS isolates 
ranged from 0.0% to 75.8% with a mean of 44.5% at 0.031 ppm AZ and at 8.0 ppm AZ, 
RG ranged from 0.0% to 25.0% with a mean of 4.4% (Appendix B). 
 
 
Figure 3.1.   Colony growth of a Colletotrichum cereale isolate collected from creeping 
bentgrass (left) and a baseline sensitive C. cereale isolate (right) incubated 
on ¼-potato dextrose agar amended with 8.0 ppm azoxystrobin. 
 
 
 Based on the results of the AZ bioassay, 16 BS isolates were included in EC50 
determinations.  Due to the lack of colony inhibition of C. cereale isolates collected from 
creeping bentgrass, a minimum of two isolates from each sampling location were 
included.  The EC50 values for C. cereale isolates collected from creeping bentgrass 
putting greens were not computable due to a lack of colony growth inhibition at 8.0 ppm 
AZ (Figure 3.2).  However, the EC50 of the BS isolates ranged from 0.003 ppm to 1.079 
ppm with a mean of 0.130 ppm (Appendix C).  The BS isolates exhibited a decrease in 
colony diameter at 0.0078 ppm and no colony growth at 2.0 ppm in EC50 bioassays 
(Figure 3.3).  The differences in percent RG of C. cereale isolates at selected AZ 
concentrations are illustrated in dose response curves (Figures 3.4 and 3.5).  Percent RG 
of uninhibited isolates was linear across all concentrations, while percent relative growth 
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Figure 3.2.   Uninhibited colony growth of a Colletotrichum cereale isolate collected 
from creeping bentgrass in Alabama exhibiting resistance to azoxystrobin at 
varying concentrations. 
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Figure 3.3.   Colony growth inhibition of a Colletotrichum cereale baseline isolate 
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Figure 3.4.   Dose response curves of Colletotrichum cereale isolates from EC50 bioassay 
performed in 2006 illustrate the responses of resistant and baseline (TCGC 
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Figure 3.5.   Dose response curves of Colletotrichum cereale isolates from EC50 bioassay 
performed in 2007 illustrate the responses of resistant and baseline (TF 1B 
and 99-78) isolates to log concentrations of azoxystrobin. 
 
Mechanism of azoxystrobin resistance 
Twenty-six nucleotide sequences were obtained from purified plasmids 
containing the PCR product from a portion of the cytochrome b gene of C. cereale 
isolates.  The cytochrome b sequence ranged from amino acid (aa) residues 98 to 170, 
which contained the two decisive aa residues at positions 129 and 143 (Avila-Adame et 
al., 2003; Wong et al., 2007).  Amino acid sequences of uninhibited and BS isolates were 
homologous to the original sequence of C. graminicola (Accession # AY285743) except 
at the decisive aa position, 143.  All 21 C. cereale isolates collected from creeping 




five BS isolates retained glycine at position 143 (Figure 3.6).  All sequences retained 
phenylalanine at amino acid position 129.  A second prominent point mutation from 
threonine (T) to cysteine (C) at amino acid position 118 (T118C) was identified in 14 of 
the resistant isolates (Figure 3.6).  The T118C point mutation previously identified in C. 




amino acid positions 
 
Isolate ID    Accession #           120                      130                        140                      150 
BO 12 3 (res)     FJ799955       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
BO 6 37 (res)     FJ799954       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
BO 6 9 (res)     FJ799953       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
FL A2-1 (res)     FJ799956       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
FL B3-1 (res)     FJ799957       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
GS 4 22 (res)     FJ799958       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
GS 4 28 (res)     FJ799959       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
OO 4 G1-1 (res)     FJ799960       VIGTI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
OO 4 K1-1 (res)     FJ799961       VIGTI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
OO 7 1 (res)     FJ799962       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
OO 7 E5-1 (res)     FJ799963       VIGTI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
OO 7 R1-1 (res)     FJ799964       VIGTI  ILVAMT GIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
OO 7 R2-1 (res)     FJ799965       VIGTI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
OW 15 56b (res)     FJ799966       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
OW 15 N5b (res)     FJ799967       VIGTI  ILVAMMGIGF  LGYVSPYGQM  SLWAATVITN  LISAIPWI 
OW 15 R4-1 (res)    FJ799968       VIGTI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
OW 15 T4-2 (res)    FJ799969       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
OW 16 14B (res)     FJ799971       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
OW 16 1C (res)     FJ799970       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
PGC PG 1 (res)     FJ799972       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
PGC PG 4 (res)     FJ799973       VIGCI  ILVAMMGIGF  LGYVLPYGQM  SLWAATVITN  LISAIPWI 
TCGC 5-35 (sens)   FJ799974       VIGTI  ILVAMMGIGF  LGYVLPYGQM  SLWGATVITN  LISAIPWI 
TCGC 5-48 (sens)   FJ799975       VIGTI  ILVAMMGIGF  LGYVLPYGQM  SLWGATVITN  LISAIPWI 
TCGC5-63 (sens)    FJ799976       VIGTI  ILVAMMGIGF  LGYVLPYGQM  SLWGATVITN  LISAIPWI 
TF 1A (sens)     FJ799977       VIGTI  ILVAMMGIGF  LGYVLPYGQM  SLWGATVITN  LISAIPWI 
TF 1C (sens)     FJ799978       VIGTI  ILVAMMGIGF  LGYVLPYGQM  SLWGATVITN  LISAIPWI 
NCBI SEQ     AY285743    VIGTI  ILVAMMGIGF  LGHVLPYGQM  SLWGATVITN  LISAIPWI 
 
Figure 3.6.   Partial amino acid sequence of cytochrome b from Colletotrichum cereale 
isolates conferring azoxystrobin resistance due to the amino acid point 
mutation from glycine (G) to alanine (A) at position 143.  Alternate point 




 All C. cereale isolates collected in 2006 and 2007 from creeping bentgrass putting 
greens in MS and AL were not inhibited by AZ at the discriminatory dose (8.0 ppm) in 
the AZ bioassays.  BS isolates exhibited 15 times more colony growth inhibition 
compared to resistant isolates at 8.0 ppm.   
Fungicide resistance to AZ was a primary concern when it was initially released 
in 1996.  The specific MOA of AZ along with its repeated use on various crops increased 
the selection pressure for field resistance in important plant pathogens.  The first 
documented case of field resistance to AZ was identified in Erysiphe graminis DC f. sp. 
tritici Em. Marchal (Blumeria graminis (DC) E. O. Speer) in Germany in 1998 (Bartlett 
et al., 2002; Sierotzki et al., 2000).  It was later discovered by Sierotzki et al. (2000) that 
the G143A point mutation conferred strobilurin resistance.  The G143A point mutation 
also conferred AZ resistance in C. cereale isolates collected from creeping bentgrass in 
MS and AL. 
 Disease control failures were noticed in crops following applications of AZ for 
cucumber (Cucumis sativus L.) powdery mildew (Podosphaera fusca (Fr.) U. Braun & N. 
Shishkoff) and downy mildew (Pseudoperonospora cubensis (Berk. & M. A. Curtis) 
Rostovzev) (Ishii et al., 2001) and Alternaria spp. infecting pistachio (Pistacia vera L.) 
(Ma et al., 2003).  Sensitive P. fusca was inhibited by 80% at 0.01 ppm AZ compared to 
resistant isolates that were only slightly inhibited at 100.0 ppm.  In vivo bioassays 
confirmed these results and identified P. cubensis resistance to AZ at the commercial rate 
(100.0 ppm) based on disease severity of a resistant isolate and a sensitive isolate.  
Similar results were obtained from in vitro bioassays of Alternaria spp.  Wild type 
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isolates collected from pistachio orchards had a mean EC50 value of 0.023 ppm compared 
to isolates collected from orchards where AZ was experimentally applied; mean EC50 
values were greater than 100.0 ppm. 
Control failures were not limited to field crops.  Turfgrass pathogens Pyricularia 
grisea and C. cereale infecting perennial ryegrass and annual bluegrass, respectively, 
exhibited control failures.  The mean EC50 of P. grisea isolates that had been exposed to 
AZ was 20 ppm compared to 0.029 ppm for isolates not exposed to AZ (Vincelli and 
Dixon, 2002).  C. cereale isolates previously exposed to AZ were not inhibited at the 
discriminatory doses for two separate studies as well, whereas, baseline isolates were 
sensitive to AZ at concentrations near 0.031 ppm (Avila-Adame et al., 2003; Wong et al., 
2007).  The results from the studies mentioned where control failures were eminent in 
various crops and turfgrass pathogens mirror the results from C. cereale isolates collected 
from creeping bentgrass putting greens in MS and AL.  All of the C. cereale isolates 
collected from creeping bentgrass putting greens in MS and AL were resistant to AZ at 
the discriminatory dose (8.0 ppm).  Since these isolates were not inhibited by AZ at 8.0 
ppm, EC50 values were considered to be greater than 8.0 ppm compared to the BS isolates 
that had a mean EC50 value of 0.130 ppm.   
 The shift in fungal populations from sensitive to AZ resistant occurred quickly.  
This shift was documented for A. solani Sorauer, an economically important fungus 
causing early blight of potato (Solanum tuberosum L.) (Pasche et al., 2004).  Emergency 
use labels for AZ were granted to upper Midwest states in 1998 with a full registration for 
potatoes granted in 1999.  Researchers collected BS A. solani isolates prior to the 
emergency label being instituted and continued to collect isolates after AZ’s registration.  
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AZ bioassays were performed to determine EC50 values.  Mean EC50 values significantly 
increased to 0.621 ppm and 2.333 ppm in 2000 and 2001, respectively, compared to BS 
isolates (0.038 ppm) (Pasche et al., 2004).  Even with the significant increase in mean 
EC50 values, they were able to be calculated unlike the C. cereale isolates that were 
resistant to AZ in this study.  
In a follow up study, A. solani isolates were collected in 2002 and 2003 from 
Wisconsin fields where AZ was applied zero to five times per year and the mean EC50 
values (0.61 ppm and 0.83 ppm, respectively) were significantly higher than BS isolates 
(0.03 ppm) collected in 1998 (Rosenzweig et al., 2008).  Molecular techniques were used 
to identify amino acid point mutations conferring AZ resistance.  The majority of isolates 
collected in 2002 (96.0%) and 2003 (100.0%) expressed the F129L point mutation.  No 
C. cereale isolates collected in MS or AL expressed the F129L point mutation. 
The F129L point mutation results in reduced sensitivity to AZ, whereas, the 
G143A point mutation results in immunity or complete resistance to AZ in the in vitro 
bioassays (Rosenzweig et al., 2008; Wong et al., 2007; Avila-Adame et al., 2003; Kim et 
al., 2003; Bartlett et al., 2002).  The above mentioned results may have been expected 
with EC50 values calculated for the A. solani isolates; however, the C. cereale isolates 
from MS and AL were not inhibited at 8.0 ppm in AZ bioassays.  Similar to results where 
control failures were noted and isolates exhibited no sensitivity to discriminatory doses of 
AZ, the G143A point mutation conferred resistance to AZ (Wong et al., 2007; Kim et al., 
2003; Avila-Adame et al., 2003; Ishii et al., 2001; Ishii et al., 2007; Bartlett et al., 2002; 
Gisi et al., 2002.) 
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Similar information presented for many fungal pathogens helped researchers 
grasp the importance of obtaining baseline data for fungal pathogens exposed to AZ 
(Mondal et al., 2005; Wong and Wilcox, 2002; Pasche et al., 2004; Ma et al., 2003; 
Vincelli and Dixon, 2002; Avila-Adame et al., 2003; Wong et al., 2007; Rosenzweig et 
al., 2008).  The data collected in future years would be compared to baseline data, so 
shifts in sensitivity could be identified.  There were no baseline isolates obtained from 
creeping bentgrass in MS or AL in this study, nor had any baseline data been compiled 
for C. cereale isolates infecting creeping bentgrass; however, Fungicide and Nematicide 
Tests have identified AZ control failures to C. cereale infecting creeping bentgrass 
(Milus et al., 1998; Burpee et al., 2004; Soika and Tredway, 2007).  The repeated use of 
AZ on creeping bentgrass in MS and AL over the past decade combined with high 
anthracnose pressure led to an increase in selection pressure and subsequent practical 
resistance in C. cereale isolates. 
Further research should be performed on management practices, such as 
aerification, vertical mowing, spiking, and topdressing that would reduce physiological 
stress on creeping bentgrass putting greens; therefore, minimizing anthracnose severity.  
Management practices are being investigated on annual bluegrass putting greens 
(Inguagiato et al., 2008), but the differences in environmental conditions and turf may 
cause results to not correlate between the two turf types grown in different regions.  This 
particular research did not evaluate cross resistance of C. cereale isolates to other 
strobilurin fungicides (trifloxystrobin and pyraclostrobin) applied for anthracnose control.  
Cross resistance has been identified, exhibiting reduced sensitivity to alternative 
strobilurin fungicides (Wong et al., 2007; Avila-Adame et al., 2003; Vincelli and Dixon, 
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2002; Pasche et al., 2004).  The strobilurin fungicides are useful and still should be used 
judiciously.  It has been recommended that the fungicides be applied in combination with 
multi-site MOA fungicides (Wong et al., 2007; Burpee et al., 2004). This will ensure all 
strobilurin-sensitive and resistant isolates are controlled.  The strobilurins should be 
incorporated in a spray program, but should not be applied in subsequent applications.  
The turfgrass managers have to remain proactive with fungicide applications; therefore, 
strobilurin fungicides should not be applied for curative applications.  Curative 
applications significantly increase the selection pressure for resistant isolates (Wong et 
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Table A.1. Relative growth (%) and EC50 values from thiophanate methyl bioassays 
conducted with Colletotrichum cereale isolates collected from creeping 
bentgrass putting greens in 2006 and 2007. 
 
Year Isolate 
Relative growth (%) 
at 10.0 ppm 
Relative 
growth (%) 
at 100.0 ppm 
EC50 Value 
(ppm) 
2006 OW 15 H1a-3   91.4  > 10.00 
2006 OW 15 F5-2 100.9  > 10.00 
2006 OW 15 T1a-2   89.4  > 10.00 
2006 OW 15 L3a-2   97.8  > 10.00 
2006 OW 15 F1-1   97.8  > 10.00 
2006 OW 15 R4-1 101.5 104.7 > 10.00 
2006 OW 15 T4-1   95.3  > 10.00 
2006 OW 15 R1-3 102.2  > 10.00 
2006 OW 15 M3b-1 101.1  > 10.00 
2006 OW 15 T1a-2 101.0  > 10.00 
2006 OW 15 N4b-1 100.9  > 10.00 
2006 OW 15 A2-3   98.4  > 10.00 
2006 OW 15 P5-3   99.5  > 10.00 
2006 OW 15 I2b-2 105.2  > 10.00 
2006 OW 15 K5b-1 107.8  > 10.00 
2006 OW 15 L3a-2 100.5  > 10.00 
2006 OW 15 H4-2 110.1  > 10.00 
2006 OW 15 K3a-1   90.8  > 10.00 
2006 OW 15 T2 104.5  > 10.00 
2006 OW 15 E1a-1   94.3  > 10.00 
2006 OW 15 F3b-3 100.7  > 10.00 
2006 OW 15 D2-1   98.9  > 10.00 
2006 OW 15 S3-1 102.1  > 10.00 
2006 OW 15 B4-1   99.9  > 10.00 
2006 OW 15 E3a-1   99.0  > 10.00 
2006 OW 15 H3-2 101.4  > 10.00 
2006 OW 15 H5-2   91.5  > 10.00 
2006 OW 15 C4a-1 101.1  > 10.00 
2006 OW 15 N5b   95.9 103.1 > 10.00 
2006 OW 15 I5a-2 116.4  > 10.00 
2006 OO 4 M3-2   99.1  > 10.00 
2006 OO 4 I1-1   93.9  > 10.00 
2006 OO 4 G1-1   94.5 96.2 > 10.00 
2006 OO 4 L4-1   97.4  > 10.00 
2006 OO 4 O1-2   95.9 97.9 > 10.00 
2006 OO 4 H3-2   88.9  > 10.00 





Table A.1. Continued. 
Year Isolate 
Relative growth (%)
at 10.0 ppm 
Relative growth (%) 
at 100.0 ppm 
EC50 Value 
(ppm) 
2006 OO 7 B4-2 100.4  > 10.00 
2006 OO 7 T4-2 101.5  > 10.00 
2006 OO 7 R2-1   99.6 94.7 > 10.00 
2006 OO 7 B1-2   97.4  > 10.00 
2006 OO 7 T2-2   96.1  > 10.00 
2006 OO 7 O3-1   98.5  > 10.00 
2006 OO 7 E5-2   99.1  > 10.00 
2006 OO 7 R1-1 108.2 100.4 > 10.00 
2006 OO 7 A2-1 101.1  > 10.00 
2006 FL A2-1 103.4 94.6 > 10.00 
2006 FL B3-1 100.6 101.0 > 10.00 
2007 OW 15 52 B 104.7 103.4 > 10.00 
2007 OW 15 53 A 100.7  > 10.00 
2007 OW 15 56 B 102.8 98.8 > 10.00 
2007 OW 15 51 B   97.0  > 10.00 
2007 OW 15 60 A   99.3  > 10.00 
2007 OW 15 56 C 103.2  > 10.00 
2007 OW 16 13 C 100.7  > 10.00 
2007 OW 16 1 C   89.9 94.8 > 10.00 
2007 OW 16 15 C 106.5  > 10.00 
2007 OW 16 10 B   98.4  > 10.00 
2007 OW 16 15 A 101.2  > 10.00 
2007 OW 16 13 A   99.3  > 10.00 
2007 OW 16 14 B   95.7 93.3 > 10.00 
2007 GS 4 28   98.1 94.5 > 10.00 
2007 GS 4 18 101.2  > 10.00 
2007 GS 4 24 100.9  > 10.00 
2007 GS 4 20 101.7  > 10.00 
2007 GS 4 22   99.3 93.4 > 10.00 
2007 GS 4 11   99.0  > 10.00 
2007 OO 7 1 105.5 90.9 > 10.00 
2007 BO 6 8   98.1  > 10.00 
2007 BO 6 9   99.4 97.9 > 10.00 
2007 BO 6 36   96.6  > 10.00 
2007 BO 6 40   96.3  > 10.00 
2007 BO 6 23   97.0  > 10.00 
2007 BO 6 21 103.7  > 10.00 





Table A.1. Continued. 
Year Isolate 
Relative growth (%)
at 10.0 ppm 
Relative growth (%) 
at 100.0 ppm 
EC50 Value 
(ppm) 
2007 BO 6 7   96.3  > 10.00 
2007 BO 6 35 100.1  > 10.00 
2007 BO 6 33   99.2  > 10.00 
2007 BO 6 37   96.7 97.3 > 10.00 
2007 BO 6 1 101.6  > 10.00 
2007 BO 12 3   96.2 90.0 > 10.00 
2007 PGC PG 4   99.7 96.9 > 10.00 
2007 PGC PG 1   97.7 95.6 > 10.00 
2007 TF 1A     5.9       0.85 
2007 TF 1C     8.5 6.7      0.85 
2007 TF 1 B     7.1       1.06 
2002 TCGC 5-53   20.7       2.35 
2002 TCGC 5-69   41.7       7.46 
2002 TCGC 5-43     2.4       1.51 
2002 TCGC 5-42     0.0       0.58 
2002 TCGC 5-67     8.4       2.64 
2002 TCGC 5-35     7.8 8.5      1.09 
2002 TCGC 5-53b   35.5       6.39 
2002 TCGC 5-51   44.4       7.85 
2002 TCGC 5-48     2.0       1.06 
2002 TCGC 5-45   21.3       1.66 
2002 TCGC 5-47   26.3       2.16 
2002 TCGC 5-46   15.8       1.14 
2002 TCGC 5-67     4.1       2.64 
2002 TCGC 5-40   19.3       1.53 
2002 TCGC 5-68   55.9       8.24 
2002 TCGC 5-51   48.4       7.85 
2002 TCGC 5-47   42.3       2.16 
2002 TCGC 5-54   33.5       3.78 






Table B.1. Relative growth (%) resulting from azoxystrobin bioassays conducted with 
Colletotrichum cereale isolates collected from creeping bentgrass putting 
greens in 2006 and 2007. 
 
    Relative growth at AZ conc. (%) 
Year Isolate 0.031 ppm 8.0 ppm 
2006 OW 15 A2-3 96.9   72.5 
2006 OW 15 K5b-1 95.6   70.9 
2006 OW 15 H4-2 96.3   63.0 
2006 OW 15 E1a-3 111.4   76.6 
2006 OW 15 F1-1 85.8   65.2 
2006 OW 15 P5-1 99.3   70.0 
2006 OW 15 M3b-1 99.6   67.3 
2006 OW 15 I5a-2 102.7   85.1 
2006 OW 15 E3a-3 90.4   59.9 
2006 OW 15 R1-3 94.9   82.6 
2006 OW 15 N4b-1 102.2   80.1 
2006 OW 15 U2-2 92.3   70.5 
2006 OW 15 F5-2 97.7   76.8 
2006 OW 15 N5b 115.1   86.8 
2006 OW 15 D2-1 95.3   62.2 
2006 OW 15 B4-1 111.0   90.9 
2006 OW 15 C4a-1   95.4   66.2 
2006 OW 15 H3-2 101.4   79.3 
2006 OW 15 I2b-2 100.0   76.2 
2006 OW 15 S3-1   98.2   79.2 
2006 OW 15 I4b-1   98.5   79.3 
2006 OW 15 T2 115.3   92.0 
2006 OW 15 E1a-1 91.0   77.6 
2006 OW 15 H1a-3 111.7   73.6 
2006 OW 15 H5-2 100.0   82.4 
2006 OW 15 H1a-2 93.8   73.2 
2006 OW 15 F3b-3 84.2   78.7 
2006 OW 15 T4-1 77.2   66.0 
2006 OW 15 R4-1 94.7   74.3 
2006 OW 15 K3a-1 98.6   80.3 
2006 OO 7 C5-2 99.1   74.6 
2006 OO 7 A2-1 97.2   71.4 
2006 OO 7 B1-2 97.8   73.8 
2006 OO 7 E5-2 97.6   75.3 
2006 OO 7 T4-2 97.0   71.9 
2006 OO 4 G1-1 95.8   75.4 
2006 OO 4 I1-1 102.0   73.8 






Table B.1. Continued. 
    Relative growth at AZ conc. (%) 
Year Isolate 0.031 ppm 8.0 ppm 
2006 OO 4 L4-1   99.8   74.6 
2006 OO 4 K1-1 101.0   75.1 
2006 OO 4 O1-2   99.3   81.6 
2006 FL A2-1   93.3   77.4 
2006 FL  B3-1 103.1   77.2 
2007 OW 15 56B   90.5   78.2 
2007 OW 15 60A   87.4   84.6 
2007 OW 15 53A   91.1   84.5 
2007 OW 15 51B   89.1   83.2 
2007 OW 15 52B   90.5   87.0 
2007 OW 15 60B   92.7   86.3 
2007 OW 16 10A   88.7   90.7 
2007 OW 16 1B   92.0   85.0 
2007 OW 16 1C   93.5   93.7 
2007 OW 16 14B   93.1   78.0 
2007 OW 16 13B   91.8   87.9 
2007 OW 16 13C   87.7   82.0 
2007 OW 16 12B   92.9   54.6 
2007 OW 16 15A   91.0   85.9 
2007 OW 16 10B   90.1   83.8 
2007 OW 16 15C   88.2   77.1 
2007 GS 4 24   98.0   84.2 
2007 GS 4 22   90.6   69.0 
2007 GS 4 18   90.5   75.4 
2007 GS 4 28   91.9   84.7 
2007 GS 4 11   81.1   68.2 
2007 GS 4 20   95.3   81.6 
2007 00 7 1   91.5   86.4 
2007 BO 6 23 104.8   96.3 
2007 BO 6 9   97.4   83.9 
2007 BO 6 33   97.3   83.5 
2007 BO 6 35   99.5   87.8 
2007 BO 6 37   97.3   91.3 
2007 BO 6 1   96.8   84.9 
2007 BO 6 21   97.0   79.8 
2007 BO 6 36   96.6   85.5 
2007 BO 6 8   98.5   92.6 
2007 BO 6 7   99.0   85.3 
2007 BO 6 3 113.3   83.0 
2007 BO 6 40   98.6   95.6 




Table B.1. Continued. 
    Relative growth at AZ conc. (%) 
Year Isolate 0.031 ppm 8.0 ppm 
2007 PGC PG 1   99.2   69.4 
2007 PGC PG 4 105.6   69.1 
2007 TF 1A   54.0   12.7 
2007 TF 1B   53.6     7.9 
2007 TF 1 C   50.3     2.0 
2007 TF 1 D   42.1     4.7 
1998 99 80     0.0     0.0 
1998 99-78   16.8     0.0 
2002 TCGC 5-61   50.9     4.6 
2002 TCGC 5-48   52.2     6.7 
2002 TCGC 5-64   50.0     7.1 
2002 TCGC 5-70   54.2     0.5 
2002 TCGC 5-60    5.0     0.0 
2002 TCGC 5-74   46.2     6.4 
2002 TCGC 5-47   34.1     1.4 
2002 TCGC 5-40   55.6     0.5 
2002 TCGC 5-60   37.2     0.0 
2002 TCGC 5-55   75.4     2.8 
2002 TCGC 5-62   52.2     0.0 
2002 TCGC 5-46   47.2     0.0 
2002 TCGC 5-36   47.9     3.6 
2002 TCGC 5-73   60.7   16.0 







Table C.1. EC50 values from azoxystrobin bioassays conducted with Colletotrichum 
cereale isolates collected from creeping bentgrass putting greens in 2006 and 
2007. 
 
Year Isolate EC50 Value (ppm) 
2006 OW 15 F3b-3 > 8.000 
2006 OW 15 F1-1 > 8.000 
2006 OW 15 I5a-2 > 8.000 
2006 OW 15 N4b-1 > 8.000 
2006 OW 15 T4-1 > 8.000 
2006 OW 15 H5-2 > 8.000 
2006 OW 15 N5b > 8.000 
2006 OW 15 E1a-1 > 8.000 
2006 OW 15 C4a-1 > 8.000 
2006 OW 15 R1-3 > 8.000 
2006 OW 15 M3b-1 > 8.000 
2006 OW 15  F5-2 > 8.000 
2006 OO 4 K1-1 > 8.000 
2006 OO 4 G1-1 > 8.000 
2006 OO 4 I1-1 > 8.000 
2006 OO 4 O1-2 > 8.000 
2006 OO 7 A2-1 > 8.000 
2006 OO 7 R1-1 > 8.000 
2006 OO 7 E5-2 > 8.000 
2006 FL A2-1 > 8.000 
2006 FL B3-1 > 8.000 
2007 OW 15 53A > 8.000 
2007 OW 16 13A > 8.000 
2007 OW 16 15B > 8.000 
2007 GS 4 11 > 8.000 
2007 GS 4 22 > 8.000 
2007 GS 4 28 > 8.000 
2007 BO 6 7 > 8.000 
2007 PGC PG 4 > 8.000 
2002 TCGC 5-54    0.022 
2002 TCGC 5-63    0.032 
2002 TCGC 5-73    0.055 
2002 TCGC 5-40    0.022 
2002 TCGC 5-51    0.026 
2002 TCGC 5-44    0.025 
2002 TCGC 5-47    0.020 
2002 TCGC 5-57    0.009 






Table C.1. Continued. 
Year Isolate EC50 Value (ppm) 
2002 TCGC 5-58    0.006 
2002 TCGC 5-56    0.026 
1998 99-78    0.007 
1998 99-80    0.003 
2007 TF 1A    0.058 
2007 TF 1B    0.052 
2007 TF 1D    0.047 
 
